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As CO2 levels in Earth’s atmosphere and oceans steadily rise, varying organismal 
responses may produce ecological losers and winners.  Increased ocean CO2 can enhance 
seagrass productivity and thermal tolerance, providing some compensation for climate warming.  
However, the consistency of this CO2 effect across populations of cosmopolitan species such as 
Zostera marina L. (eelgrass) remains largely unknown.  This study analyzed whole-plant 
performance metabolic profiles and gene expression patterns of distinct eelgrass populations in 
response to CO2 enrichment.  Populations were transplanted from Nisqually Landing and Dumas 
Bay, two cold water environments in Puget Sound, WA (USA) that rarely experience summer 
water temperatures above 15° C, and one population from South Bay, VA (USA) that frequently 
experiences summer heat waves exceeding 25° C.  All three populations were grown in outdoor 
aquaria and exposed to five different CO2 concentrations, under natural light and ambient water 
temperature of southeast Virginia, for 18 months.  The three eelgrass populations showed similar 
instantaneous metabolic responses to CO2 treatments.  However, only eelgrass from South Bay, 
VA and Dumas Bay, WA exhibited physiological stimulation to seasonally increasing 
temperature under elevated CO2 treatments, increasing shoot numbers, plant size, and leaf 
growth.  The plants from Nisqually Landing, WA were unable to survive the warm summer 
 
 
water temperature even in the presence of high CO2 concentrations.  Metabolomic profiling 
revealed differences among CO2 treatments and eelgrass populations.  CO2 enrichment increased 
the abundance of Calvin Cycle and nitrogen assimilation metabolites while suppressing the 
abundance of stress-related metabolites.  However, target genes involved in carbohydrate 
fixation, photosynthesis and proteins that function as molecular chaperones did not respond to 
CO2 enrichment even though they changed through in response to light and temperature.  
Transcriptome profiles by themselves did not predict how gene expression translates into 
physiological and metabolic consequences under high CO2 conditions.  The differential response 
among eelgrass populations suggest that seagrass populations will respond variably to increasing 
CO2 concentrations in which some eelgrass phenotypes may be better suited to cope with an 
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Increased atmospheric levels of carbon dioxide (CO2) resulting from human activities 
have been absorbed by the ocean.  This climatic scenario is likely to change the biogeochemistry 
in the oceans and affect the response of organisms, generating ecological losers and winners.  
Among the losers, benthic calcifiers are expected to respond negatively to elevated CO2 as 
calcification rates become energetically more expensive (Kleypas et al. 2005).  In today’s ocean, 
CO2 is a potentially limiting substrate for photosynthesis in aquatic ecosystems (Zimmerman et 
al. 1997) as photosynthesis in many marine autotrophs such as cyanobacteria (Hutchins et al. 
2007), coccolithophores (Rivero-Calle et al. 2015) and seagrasses (Invers et al. 2001, Jiang et al. 
2010, Zimmerman et al. 2017) respond positively to increase CO2. 
Seagrass meadows help mitigate the impacts of climate change by removing CO2 from 
the water column through photosynthesis, by promoting organic carbon deposition from the 
water column to the sediments and from root and rhizome growth in the sediment, known as 
“blue carbon” (Greiner et al. 2013).  However, seagrass populations are declining worldwide 
from anthropogenic impacts due to increasing temperature, eutrophication, sediment loading, and 
physical destruction.  A number of studies consistently indicate that CO2 enrichment enhanced 
photosynthesis and leaf sugar content for eelgrass (Zostera marina L.)(Beer 1989, Durako 1993, 
Zimmerman et al. 1995, Koch & Beer 1996, Zimmerman et al. 2017) decreasing their light 
requirements, increasing their productivity and helping them survive high temperatures (Björk et 
al. 1997, Zimmerman et al. 1997, Zimmerman & Mobley 1997, Touchette & Burkholder 2000, 
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Palacios & Zimmerman 2007, Zimmerman et al. 2015, Zimmerman et al. 2017).  Exposure to 
increased CO2 availability also increases production of vegetative and flowering shoots, the 
allocation of biomass to below ground tissues and stimulates changes in leaf chemical 
composition (Palacios & Zimmerman 2007, Campbell & Fourqurean 2013, Zimmerman et al. 
2017). 
Z. marina, the most widely distributed seagrass species in the temperate northern 
hemisphere, experiences a varied range in light availability, salinity, and temperature across 
different habitats (Zimmerman et al. 1989).  These habitat differences provide numerous 
opportunities for adaptation of geographically isolated populations, making eelgrass useful for 
exploring the impacts of climate change on marine ecosystems.  Many geographically isolated 
eelgrass populations appear to be genetically distinct (Alberte et al. 1994, Williams & Orth 1998, 
Reusch et al. 1999) and display consistent differences in leaf morphology, suggesting that 
populations may be adapted to different conditions (Reusch et al. 1999, Staehr & Borum 2011).  
However, the true degree of functional plasticity among these populations remains unknown. 
Z. marina best photosynthetic performance is between 5° C and 25° C (Evans et al. 1986, 
Bulthuis 1987) but sustained temperatures above 25° C can affect their carbon metabolism, 
producing meadow-wide die-offs  (Dillon 1971, Thayer et al. 1975, Evans et al. 1986, 
Zimmerman et al. 1989, Moore & Jarvis 2008, Orth et al. 2010).  Temperature stress appears to 
be mediated primarily by its effect on sucrose metabolism (Zimmerman et al. 1989, Gu et al. 
2012), it has also been shown to induce genes involved in protein degradation, presenting 
photosynthetic damage and failed metabolic compensation (Bergmann et al. 2010, Franssen et al. 
2011, Winters et al. 2011).  Consequently, photosynthetic stimulation resulting from CO2 
enrichment, which increases sucrose formation, should reduce the effects of thermal stress.  
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Prolonged exposure to elevated CO2 quantitatively enhances leaf photosynthesis, shoot survival, 
growth and flowering of eelgrass populations from climates characterized by a narrow annual 
thermal range (predominantly cool) (Zimmerman et al. 1997, Palacios & Zimmerman 2007) and 
of eelgrass that experienced a wide annually a thermal range that include stressfully warm 
summers (Zimmerman et al. 2017).  Computer simulations based on these studies demonstrated 
that eelgrass productivity and thermal tolerance in the modern-day and the future ocean can be 
mediated by CO2 availability (Zimmerman et al. 2015).  Accordingly, this study compared 
eelgrass physiological processes, such as survival and growth, in response to the environment 
and characterized the gene expression and metabolome of the plants.  Understanding gene 
expression patterns and the metabolome helps to assess the response of an organism to a change 
in its environment (Macreadie et al. 2014, Ceccherelli et al. 2018, Gargallo-Garriga et al. 2018) 
and/or to evaluate the differential response of populations to the same change (Hoffmann & Willi 
2008, Franssen et al. 2011).   
The objective of this dissertation was to evaluate the responses of two distinct eelgrass 
populations from Puget Sound, Washington and one from Chesapeake Bay, Virginia, USA that 
come from contrasting (cool summer vs. warm summer) thermal environments to increase CO2 
and thermal summer stress.  These populations were subjected to an experimental gradient of 
five CO2 conditions in an outdoor facility under natural varying temperature and insolation for 
one year.  Increased CO2 availability should stimulate carbon fixation of the Puget Sound 
populations, improving their tolerance to temperature stress, as has been previously shown for 
Chesapeake Bay eelgrass (Zimmerman et al. 2017).  I expected that comparing growth and 
development, metabolome and patterns of gene expression among eelgrass populations in 
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response to high CO2 and temperature would provide unique insights into their potential ability 
to adapt to future changes in their respective environments. 
Specific Objectives 
The research presented here addresses several important questions regarding the response 
of distinct Z. marina L. populations to increasing CO2 and temperature in the context of a 
changing climate.  The work addressed the following specific questions: 
a. What are the effects of increase in CO2 concentrations and temperature on 
isolated eelgrass populations? 
i. How do CO2 and high temperatures affect growth, size and survival of 
these populations? 
ii. Are oxygenic photosynthesis and respiration rates of the populations 
different when exposed to the same temperature and CO2 conditions?  
iii. Do eelgrass leaf optical properties differ among populations under the 
same CO2 conditions?  
b. What are the effects on stenothermal and eurythermal eelgrass population’s 
metabolome due to climate change?  
i. Which are the main affected metabolic pathways?   
ii. Are the metabolic fingerprints different among Z. marina populations?  
iii. Are the metabolic fingerprints different between CO2 treatments?  
c. What are the effects of CO2 and temperature exposures on the gene expression in 
C metabolism, photosynthesis and stress associated genes?  
i. Is the gene expression of Z. marina different among populations?  
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ii. Do the gene expression patterns on Z. marina differ among CO2 
treatments?  
iii. How does the gene expression affect regulation of the carbon budget 
among eelgrass populations? 
Significance 
Seagrass meadows will benefit from the CO2 increase in the oceans helping them to 
survive high temperatures.  This study extended our quantitative understanding of eelgrass 
response to climate change by focusing on the response of populations from South Bay, VA near 
the southern limit of eelgrass distribution on the Atlantic coast experiencing warm summer 
temperatures and populations from Puget Sound, WA subjected to less temperature stress.  The 
research performed here coupled molecular responses with eco-physiological approaches to 
explore the performance of different eelgrass populations to potential future climate scenarios 
providing insight into to the key pathways that control the photosynthetic acclimation, carbon 





DIFFERENTIAL IMPACTS OF CO2 AND TEMPERATURE ON METABOLIC 
PERFORMANCE AND SURVIVAL OF GEOGRAPHICALLY DISTINCT 
POPULATIONS OF ZOSTERA MARINA L (EELGRASS) 
Introduction 
The mean atmospheric concentration of CO2 measured by the Mauna Loa Global Monitoring 
Laboratory, surpassed 415 ppm in 2020, a level not experienced on earth in nearly 20 million 
years (Thomas 2008, Zhang et al. 2013, NOAA-ESRL 2018).  This concentration, and the global 
warming it causes, would be even higher if the oceans did not absorb at least 25% of the 
anthropogenically released CO2 each year.  However, the oceans are not a benign sink for this 
greenhouse gas, as the absorbed CO2 results in ocean acidification that alters the carbonate 
chemistry of the ocean, decreasing seawater pH (IPCC 2014) and negatively affecting marine 
calcifiers, from pelagic pteropods to hermatypic corals and oysters (Kleypas et al. 2005, Byrne et 
al. 2011).  However, rising CO2 concentrations also create ecological winners, including some 
terrestrial plants (Leakey et al. 2009) and the marine angiosperms commonly known as 
seagrasses (Invers et al. 2001, Palacios & Zimmerman 2007, Zimmerman 2021).  The positive 
photosynthetic response of seagrasses to CO2 concentration has helped maintain a positive 
balance between photosynthesis and respiration in the face of increasing temperature, thereby 
increasing the accumulation of labile carbon reserves, rates of plant growth and reproduction, 
and plant size (Björk et al. 1997, Zimmerman et al. 1997, Touchette & Burkholder 2000, 
Palacios & Zimmerman 2007, Zimmerman et al. 2015, Zimmerman et al. 2017).  Growth under 
elevated CO2 also inhibits the synthesis of photosynthetic pigments in a manner reminiscent of 
photoacclimation to high light environments (Celebi et al. 2021). 
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Seagrasses are well recognized as important ecosystem engineers (Jones et al. 1994), but 
their populations are increasingly threatened by anthropogenic degradation of water quality and 
climate warming (Orth et al. 2006).  Negative effects of rising seawater temperatures on 
seagrasses result in negative carbon balance (Bulthuis 1983, Ralph 1998) and photosynthetic 
protein denaturation (Bruggemann et al. 1992, Ralph 1998).  Sustained temperatures above 25° C 
frequently results in stress and die-offs of eelgrass (Dillon 1971, Thayer et al. 1975, Evans et al. 
1986, Zimmerman et al. 1989, Moore & Jarvis 2008, Orth et al. 2010).  However these effects 
can be offset by CO2 enrichment in many seagrasses, including eelgrass (Beer 1989, Durako 
1993, Koch & Beer 1996).  In addition, seagrass meadows have been identified as being among 
the most productive aquatic habitats in terms of Blue Carbon burial (Mcleod et al. 2011), 
suggesting that enhanced seagrass productivity under increasing CO2 conditions may exert a 
negative feedback on climate change. 
Z. marina is the most widely distributed seagrass species in the temperate northern 
hemisphere (Green & Short 2003), exposing populations to a varied range in light availability, 
salinity, and temperature.  These circumstances provide numerous opportunities for genetic 
adaptation to different environments making eelgrass useful for exploring the impacts of climate 
change on different populations.  Z. marina populations had demonstrated localized adaptation 
where populations increased their biomass in their home environment under reciprocal transplant 
experiments (Hämmerli & Reusch 2002).  Therefore, geographically isolated eelgrass 
populations appear to be genetically distinct (Alberte et al. 1994, Williams & Orth 1998, Reusch 
et al. 1999), and display a large range in leaf morphology (Fig.1), suggesting that populations 
may be adapted to different local conditions (Reusch et al. 1999, Staehr & Borum 2011).  For 
example, eelgrass leaves from cold regions exhibit greater mechanical elasticity and flexibility, 
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they tend to be narrower, and showed higher fiber content than plants growing in warmer regions 
(Engle & Miller 2005, Paul & de los Santos 2019).  
Understanding the combined impacts of multiple factors on the response of species to future 
climate change is crucial to understanding the performance and distribution of organisms 
(Zimmerman, 2020).  The aim of this study was to compare the physiological responses to the 
combined effects of CO2 availability and summer heat stress of two eelgrass populations from 
cool thermal environments (Puget Sound, WA) to that of a locally adapted population from 
coastal Virginia.  The hypothesis is that increased CO2 availability should stimulate carbon 
fixation of the Puget Sound populations, improving their tolerance to temperature stress, as has 
been previously shown for Virginia eelgrass (Zimmerman et al. 2017).  Comparing survival, 
growth, plant size, leaf sugar, and photosynthetic pigment among eelgrass populations in 
response to high CO2 and temperature will provide unique insights into the potential ability of 
these populations to acclimate to future changes in their respective environments, and help 
identify ecologically important performance features that can be exploited to facilitate restoration 




Figure 1. Photographs of eelgrass from (a) South Bay, VA, (b) Dumas Bay, WA and (c) 
Nisqually Bay, WA showing morphological differences such as leaf length and width at the time 
of original collection. 
a b c 
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Materials and Methods 
Eelgrass Source Populations and Experimental Facility 
Eelgrass shoots were collected from Dumas Bay (47.327°N, 122.382°W) and Nisqually 
National Wildlife Refuge (47.109°N, 122.740°W) in southern Puget Sound, WA (DBW and 
NBW respectively) by representatives of the Washington State Department of Natural Resources 
in May 2013.  Shoots were carefully uprooted by hand to avoid breaking roots and rhizome 
internodes, washed free of all sediment, packed in paper towels moistened with seawater and 
shipped overnight to VA.  The leaves were cleaned of epiphytes by gently scraping with a razor 
blade and the entire shoots were surface sterilized by a 30 sec soak in filtered seawater 
containing 10% sodium hypochlorite (v/v).  The sterilized shoots were then transplanted into 
rectangular fiberglass-reinforced plastic containers (0.04 m3 volume, 0.075 m2 surface area) 
filled with intertidal beach sand and placed into the 20 outdoor aquaria at the experimental 
climate change facility constructed at the Virginia Aquarium & Marine Science Center, Virginia 
Beach, VA (Zimmerman et al. 2017).  Eelgrass from South Bay VA (SBV) (37.265° N, 75.808° 
N), a coastal lagoon on the Delmarva Peninsula that regularly experiences summer temperatures 
>25° C that has been identified as a threshold for eelgrass stress (Evans et al. 1986, Zimmerman 
et al. 1989), were also collected carefully by hand then cleaned similar to the WA eelgrass and 
transplanted into the experimental facility.  Parallel experiments were running in the aquaria 
limiting the space, therefore five seagrass containers were into each aquaria (three plastic 
containers for SBV, one for DBW, and one for NBW).  From the 20 aquaria only in 10 aquaria 
DBW and NBW were placed into each aquarium, having up to two replicates per CO2 treatment 
for these populations and up to 4 replicates for SBV.  Each aquarium was plumbed with running 
water (10 turnovers/day) pumped from the adjacent Owls Creek estuary just south of Chesapeake 
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Bay that exchanges water with the Atlantic Ocean through Rudee Inlet.  Water depth in the 
aquaria was 0.85 m, placing the top of the SBV canopy at about 0.5 m beneath the surface of the 
water at the beginning of the experiment. 
The outdoor facility was exposed to natural daily and seasonal variations in water 
temperature and sunlight (Fig. 2-3).  Light, temperature, and salinity were measured 
continuously throughout the experiment.  Temperature was monitored continuously in each 
aquarium using an Omega 44005 precision thermistor and custom voltage divider circuits 
calibrated to a precision of 0.1° C.  Sunlight was measured as photosynthetically active radiation 
(PAR) using a LI-COR LI190SBV plane irradiance sensor (µmol photons m-2 s-1) placed 3 m 
above the tanks.  Salinity was monitored using a SeaBird SBE-37 MicroCAT CTD placed in one 
of the aquaria.  From the salinity data, along with temperature and pH, values of total CO2 in the 
aquaria and CO2 in dry at 1 atm (ppm) were determine using CO2SYS Ver. 2.3 (Lewis & 
Wallace 1998).  The CO2 concentration in each experimental aquarium was individually 
manipulated using CO2 bubblers with solenoid valves controlled by Eutech Alpha pH 190 
controller/transmitters equipped with submersible glass electrodes.  CO2 concentrations in dry 
ranged from a median of 30.5 ppm (pH 8) to 50,136 ppm (pH 6).  This represented CO2 
concentrations for the present day in Virginia (2013), mid-century (2050), and the end-of-century 
(2100) based on IPCC (2013) and also past projections.  This set up enabled the twenty aquaria 
to be maintained at five CO2 concentrations ranging from ambient (~55µmol CO2 Kg
-1 SW, pH 
~8.0) to 2121 µmol CO2 Kg
-1 SW (pH 6) that encompasses >200-years of projected CO2 increase 
and yielded a 3-fold gradient in light-saturated photosynthesis for the duration of the experiment 
(Invers et al. 2001, Cottingham et al. 2005).  This CO2 gradient is useful to determine functional 
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responses (slopes and intercepts) required to build predictions for eelgrass survival in a variety of 
CO2 concentrations. 
Plant Size, Growth and Shoot counts  
Plant size, growth rate, shoot counts and sucrose content of leaf tissues of all three 
populations were measured each month to track performance responses to the CO2 treatments 
across time.  Shoots from each container were selected at random, tagged with plastic cable ties 
and marked with a 20 gauge hypodermic needle (Zieman 1974, Zimmerman et al. 1996).  One 
week later, lengths of all leaves was measured with a flexible meter tape.  New growth was 
measured as the sum of the distance from the original punch on the leaf sheath to the mark on 
each leaf plus the entire length of unmarked young leaves that emerged from the leaf sheath after 
marking.  Leaf widths were measured with a digital caliper.  Absolute linear growth rates (cm2 
day-1) were calculated by normalizing the total new leaf area by the time interval between 
marking and measuring.  Percent growth rates (% d−1) was calculated by normalizing absolute 
growth rates by the total leaf area measured at the end of the marking period. 
Plant size (one sided leaf area, cm2 shoot-1) was calculated as Σ Length x Width of all the 
leaves on each plant.  Relative change in plant size between months was calculated by 
normalizing the difference in size between successive measurements by plant size at the 
beginning of the period and multiplied by 100 to express it as percent of the original plant.  
Relative growth rates (% d-1) were calculated as the ratio of new leaf area to total leaf area, 
normalized by the time interval between marking and measuring, and multiplied by 100.  
Relative shoot survival (% of original) was calculated as the difference between shoot counts 
each month and the initial shoot count, multiplied by 100. 
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Sucrose determination  
Sucrose was extracted from the 2nd youngest leaf collected from two shoots growing under 
each CO2 treatment each month.  Epiphytes were removed from each leaf segment by gently 
scraping the leaves with a razor blade, followed by a quick rinse in clean water and wiped dry 
with a paper towel prior to drying.  Leaves were then dried at 60° C, ground in liquid nitrogen 
using a mortar and pestle and the powder re-dried at 60° C for at least one day.  An aliquot of the 
dry powder was weighed using an analytical balance and extracted in hot (80° C) ethanol.  The 
ethanol extracts from each leaf were evaporated to dryness at room temperature and the residue 
redissolved in ultrapure (18 M) deionized water.  Sucrose concentration was determined 
spectrophotometrically at 486 nm using a resorcinol assay standardized to sucrose (Huber & 
Israel 1982). 
In vivo leaf absorption spectra and chlorophyll concentrations were measured using clean 
segments of the 2nd youngest leaf of a shoot from each population tray during summer, as 
described above.  Spectral absorbance [D(λ)] and reflectance [(λ)] of intact leaf segments 
between 350 and 750 nm were measured using a Shimadzu UV 2101PC scanning 
spectrophotometer fitted with an integrating sphere.  Photosynthetic leaf absorptances [AL(λ)] 
were calculated by subtracting the non-photosynthetic absorptance at 750 nm [A(750)] from each 
spectrum (Kirk, 1994).   
A(750) = [ 1 – 10D(750) ] – ρ(750) 
AL(λ)= [ 1 – 10
D(λ) ] – ρ(λ) – A(750) 
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Chlorophyll was extracted by grinding each leaf in 90% acetone with a glass tissue 
homogenizer, followed by centrifugation to pellet the debris.  Spectral absorbance of the 
supernatant was measured using the Shimadzu UV 2101 PC scanning spectrophotometer and 
pigment concentrations were calculated using the equations of Jeffery and Humphrey (1975). 
Metabolic Rates 
During summer 2013 and 2014, using 2nd leaves, photosynthesis and respiration were 
measured using polarographic O2 electrodes and water-jacketed glass incubation chambers (5mL 
volume, Rank Bros., Cambridge, UK).  Incubation water pH was measured using a pH meter 
calibrated with the same NBS buffers used to calibrate the aquarium pH sensors.  A magnetic 
stirrer provided turbulent flow inside the chambers to prevent boundary layer limitation of gas 
exchange across the leaf and electrode membrane surfaces.  Continuous analog signals from the 
sensors were measured using a Pico Technology ADC-20 digitizer and recorded using custom 
software written with LabView (2009 edition, National Instruments).  Voltage data were post 
processed into metabolic rates using MATLAB R2014 (The MathWorks Inc.).  Leaves were 
illuminated with a photosynthesis-saturating irradiance of 300 µmol photons m-2sec-1 provided 
by a Kodak slide projector (ELH bulb).  The water used during all incubations was from Owls 
Creek that provided source water for the experimental aquaria.  This stock, with salinity of 24 
(PSS-78), was filtered through 0.2 µm Nucleopore membrane filters and stored under 
refrigeration in glass bottles until use. 
Water temperature was controlled by a circulating water bath to six different temperatures 
ranging from 5° to 30° C.  Leaves were cleaned of epiphytes by gentle scraping with a clean 
razor blade and kept in dark before the incubation measurements.  A three cm long piece of leaf 
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tissue was used during a 10 min dark (i.e. dark respiration) and a 10 min light (i.e. net 
photosynthesis) measurement.  One leaf per temperature per chamber was used and two 
simultaneous chambers were measured for replication.  Short-term responses to temperature 
were analyzed by linear regression of log-transformed metabolic rates against measurement 
temperature (T), according to the following relationship (Berry & Raison, 1981): 
log rate = T (logQ10/10) + C 
where C was the log rate at 0° C and (logQ10/10) was the slope.  To further evaluate differences 
in temperature sensitivity of the metabolic parameters across CO2 treatments, Q10 of Pg and R 





Temperature sensitivity of the metabolic rates was quantified by calculating the slope of log-
transformed rates for gross photosynthesis (Pg = Pnet - R) and dark leaf respiration (R) plotted 
against the temperature for each population.  Statistical significance of treatment and population 
effects was determined using the mixed model analysis of the linear mixed model component of 
IBM SPSS Statistics 22 with population as the fixed factor (within subjects) and temperature as 
the covariate (between subjects). 
CO2 effects on each eelgrass population were quantified by linear regression of each 
performance metric described above against log [CO2].  Linear regressions and slopes statistics 
of each performance metric are shown in Appendix Figs. 22-27 and Tables 29-34.  Within-
aquarium replicate measures of each performance property were combined each month to 
generate statistically independent means for each aquarium (without error), resulting in 
statistically independent replicate measurements for each CO2 treatment each month.  
Consequently, statistical significance of treatment effects was determined using a repeated-
measures ANCOVA implemented in the mixed model analysis of the linear mixed model 
component of IBM SPSS Statistics 22 using population and month as the fixed factors (within 
subjects) and log [CO2] as the covariate (between subjects).  The time series observations were 
treated as repeated subjects for each measured parameter.  When ANCOVA revealed statistically 
significant effects of time, multiple comparison tests were performed to identify significant 
differences among monthly values.  All error terms were expressed as standard errors unless 




Environmental Parameters & Experimental CO2 Manipulation 
The time series of environmental conditions and manipulated CO2 concentrations for each 
aquarium during this 20-month experiment were detailed by Zimmerman et al. (2017).  To 
summarize briefly, irradiance varied seasonally changing with solar elevation and day length, 
resulting in higher total daily irradiances during summer than winter.  These plants received 
approximately 8h of photosynthesis-saturating irradiance each day, during summer and 4 h each 
day during winter (Fig. 2)(Celebi 2016).  Due to heavy snowfall in February and March 2014 the 
window screening was removed to ensure light infiltration therefore during that time an increase 
in light was observed in the tanks (Fig. 2). 
In their native habitat, the two eelgrass populations from Puget Sound, WA, experience a 
typical seasonal temperature cycle ranging between 5° and 15° C (Fig. 3).  However, this 
experiment exposed them to temperatures that varied seasonally from a low of 2° C in winter to 
an extreme high temperature of 30° C in summer.  The summer warm period included 97 days 
during summer 2013 were seawater temperature exceeded 25° C for at least 1 h each day.  Water 
temperature was consistently below 25° C from October 2013 through May 2014 and 5° C in 
average from January through March 2014 approaching 0° C on a few days in February 2014 
(Fig. 3).  The seasonal cycle in water temperature lagged daily irradiance by 6 to 8 wk.  On the 
other hand, salinity did not vary seasonally resulting in a mean salinity of 24 ± 3 (PSS), with low 
salinity events (11 PSS) resulting from periodic rainfall events that sent freshwater runoff into 
Owls Creek as described in Zimmerman et al., 2017. 
Prior to the onset of CO2 manipulation on 1 June 2013, all aquaria experienced nearly 
identical variations in CO2 concentration, temperature, salinity, alkalinity and pH, and no 
18 
 
systematic variations among aquaria were detected that might have biased the experimental 
results.  Natural fluctuations in the source-water pH (7.4 to 8.1) and [CO2] (55 ± 19 µmol Kg
−1 
SW) were more variable during summer than winter.  On top of these natural variations, the 
experimental CO2 manipulation produced a consistent gradient in CO2 concentrations and pH 
values across the treatments throughout the duration of the experiment as describe in 
(Zimmerman et al. 2017). 
 






































Figure 3.  Daily average water temperatures during 2013-2014 measured in the experimental 
tanks at Owl’s Creek (filled circles), VA and the NOAA buoy closest to Dumas Bay WA 

























Survival and Growth 
Survival of SBV and DBW shoots remained constant across CO2 treatments throughout June 
and July 2013 (white symbols, Figs.4a-c, Tables 1 -3).  By August 2013, shoot numbers of SBV 
and DBW populations increased becoming positively related to CO2 availability, a trend that 
continued for the duration of the experiment.  During this time, SBV and DBW shoot numbers 
doubled in the high CO2 treatment (823 µM CO2) through vegetative propagation.  However, 
shoot numbers of both populations decreased under ambient CO2 (55 µM CO2/ pH 8) during the 
summer period of warm (>25° C) water temperature.  SBV and DBW shoot losses continued 
under ambient CO2 as water temperature dropped throughout the fall 2013 and into the winter of 
2014.  Unlike SBV and DBW, shoot numbers of NBW eelgrass declined throughout May to 
August 2013 as temperature rose above 25° C.  The vast majority of NBW shoots were dead by 
October 2013 and only one shoot growing under 370 µM CO2 (pH 7) survived the experiment.   
The effect of CO2 on shoot survival was strongest from December to May 2014 for SBV and 
from February 2014 to late May 2014 for DBW plants, as indicated by the significant slopes 
during this time (white symbols, Fig4a, b, Appendix Table 29).  Slopes of percent survival vs. 
log [CO2] for NBW were not significantly different from zero or each other, indicating no effect 
of CO2 on shoot survival from May 2013 to October 2013 and no change over time (white 
symbols, Fig 4c, Table 3, Appendix Table 29).  Monthly slopes of percent survival vs log [CO2] 
did not differ among populations (Table 4).  However, the October slopes of percent survival vs 
log [CO2] was significantly higher for SBV (53.62 % Survival log [CO2]
-1) than DBW (13.42% 
Survival log [CO2]





Figure 4. Heat maps of percent survival as a function of pH/CO2 treatment and time.  (a) South 
Bay, VA.  (b) Dumas Bay, WA.  (c) Nisqually Bay, WA. Tick marks on the left vertical axis of 
each plot indicate the mean pH/CO2 value for each treatment.  Tick marks on the right vertical 
axis of each plot indicate the values of the slopes.  White horizontal line represents the zero 
slope.  White symbols represent the monthly slopes of the percent original population vs. log 
[CO2] derived from linear regression analysis for each CO2 treatment.  Black panel represents no 









































































































































































































Table 1.  Results of linear mixed model ANCOVA with repeated measures comparing 
physiological properties of South Bay VA plants over time.  Summary ANCOVA tables for 
Type III tests of fixed effects (Month) using the mixed linear model routine implemented in 
SPSS.  DW: dry weight. 
Dependent variable  Source Numerator df Denominator df F p 
% Survival Month 12 4.32 95.97 <0.001* 
  log [CO2] 1 4.32 824.55 <0.001* 
  Month X log [CO2] 12 4.32 53.00 <0.001* 
% Rel growth rate  Month 12 234 6.83 <0.001* 
  log [CO2] 1 234 2.52 0.114 
  Month X log [CO2] 12 234 1.08 0.377 
% Original Plant Size Month 12 157 1.80 0.053 
  log [CO2] 1 157 60.94 <0.001* 
  Month X log [CO2] 12 157 1.78 0.056 
Sucrose (µmol g-1 DW) Month 11 235 4.78 <0.001* 
  log [CO2] 1 235 223.39 <0.001* 
  Month X log [CO2] 11 235 3.82 <0.001* 
Total Chl (µg Chl cm-2) Month 2 56 1.20 0.310 
  log [CO2] 1 56 18.27 <0.001* 
  Month X log [CO2] 2 56 0.26 0.698 
Chl a:b  Month 2 56 0.93 0.399 
  log [CO2] 1 56 7.30 0.009* 
  Month X log [CO2] 2 56 1.53 0.225 
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Table 2.  Linear mixed model with repeated measurements results for comparison of 
physiological properties of Dumas Bay between treatments.  Summary ANCOVA tables for 
Type III tests of fixed effects (Month) using the mixed linear model routine implemented in 
SPSS.  DW: dry weight. 
Dependent variable  Source Numerator df Denominator df F  p 
% Survival Month 12 91 0.26 0.994 
  log [CO2] 1 91 8.01 0.006* 
  Month X log [CO2] 12 91 0.53 0.893 
% Rel growth rate  Month 11 81 2.40 0.012* 
  log [CO2] 1 81 1.31 0.255 
  Month X log[CO2] 11 81 1.78 0.070 
% Original Plant Size Month 12 97 1.65 0.091 
  log [CO2] 1 97 1.26 0.264 
  Month X log [CO2] 12 97 1.33 0.216 
Sucrose (µmol g-1 DW) Month 11 80 1.10 0.372 
  log [CO2] 1 80 14.28 <0.001* 
  Month X log [CO2] 11 80 1.03 0.425 
Total Chl (µg Chl cm-2) Month 2 20 0.14 0.708 
  log [CO2] 1 20 1.95 0.178 
  Month X log [CO2] 2 20 0.15 0.702 
Chl a:b  Month 2 20 0.45 0.509 
  log [CO2] 1 20 0.09 0.766 
  Month X log [CO2] 2 20 0.14 0.715 
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Table 3.  Linear mixed model with repeated measurements results for comparison of 
physiological properties of Nisqually Bay between treatments.  Summary ANCOVA tables for 
Type III tests of fixed effects (Month) using the mixed linear model routine implemented in 
SPSS.  DW: dry weight. 
Dependent variable  Source Numerator df Denominator df F  p 
% Survival Month 5 15.31 0.80 0.569 
  log [CO2] 1 25.41 0.82 0.373 
  Month X log [CO2] 5 19.36 0.73 0.610 
% Rel growth rate  Month 4 31 2.02 0.116 
  log [CO2] 1 31 12.26 <0.001* 
  Month X log [CO2] 4 31 2.27 0.840 
% Original Plant Size Month 4 36 0.52 0.719 
  log [CO2] 1 36 1.82 0.186 
  Month X log [CO2] 4 36 0.63 0.644 
Sucrose (µmol g-1 DW) Month 3 21 0.17 0.918 
  log [CO2] 1 21 4.00 0.059 
  Month X log [CO2] 3 21 0.49 0.694 
Total Chl (µg Chl cm-2) Month 2 5 1.21 0.321 
  log [CO2] 1 5 8.18 0.035* 
  Month X log [CO2] 2 5 1.27 0.312 
Chl a:b  Month 2 5 0.42 0.546 
  log [CO2] 1 5 0.20 0.674 
  Month X log [CO2] 2 5 0.45 0.531 
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Table 4.  Linear mixed model with repeated measurements results for comparison of 
physiological properties among populations.  Summary ANCOVA tables for Type III tests of 
fixed effects (Population and Month) using the mixed linear model routine implemented in 
SPSS.  DW: dry weight. 
Measure %Survival 
% Original 









Intercept 0.942 <0.001* <0.001* 0.974 0.999 <0.001* 
Population  0.292 0.014* 0.016* 0.532 0.607 0.886 
Month <0.001* 0.029* 0.010* 0.112 0.909 0.913 
log [CO2] <0.001* 0.002* 0.015* 0.911 1.000 1.000 
Population X Month <0.001* 0.398 0.366 0.333 0.935 0.882 
Population X log 
[CO2] 0.086 0.002* 0.017* 0.045* 0.597 0.968 
Month X log [CO2] <0.001* 0.299 0.072 0.054 0.909 0.978 
Population X Month 
X log [CO2] <0.001* 0.608 0.237 0.455 0.959 0.956 
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SBV exhibited higher growth rates under CO2 enrichment during late summer and early fall 
of 2013, even when water temperature exceeded the 25° C threshold for eelgrass heat stress 
(Figs. 5a-b).  In contrast, DBW relative growth rate decreased by August 2013 and became 
negatively related to CO2 availability and high temperatures but then in September 2013, 
followed the same response as SBV.  The growth-stimulating effect of increasing [CO2] 
observed in late summer and fall declined in winter for SBV and DBW in response to low light 
and cold temperatures, then recovered as temperature and light availability increased during 
spring 2014 (Figs. 5a-b, Tables 1, 2).  In contrast, growth rates of NBW eelgrass declined across 
all CO2 treatments throughout the summer of 2013 and did not recover (Fig. 5c, Table 3).  
Consequently, rates of relative shoot growth (but not absolute growth) became significantly 
lower for NBW than for DBW and SBV by July 2013 and continued to decline through 
September 2013.  During this period (September 2013), DBW growth rates increased across 
treatments and SBV showed its seasonal growing pattern confirmed by the significantly higher 
slopes of DBW and SBV than NBW, -0.08 and 0.06 respectively (Figs. 5a-c, white symbols and 
lines, Table 4).  Monthly slopes statistics of the relative growth rates vs. log [CO2] derived from 
linear regression analysis showed that the slopes of the three populations were not different from 




Figure 5.  Heat maps of percent growth rates as a function of pH/CO2 treatment and time.  (a) 
South Bay, VA.  (b) Dumas Bay, WA.  (c) Nisqually Bay, WA.  Tick marks on the left vertical 
axis of each plot indicate the mean pH/CO2 value for each treatment.  Tick marks on the right 
vertical axis of each plot indicate the values of the slopes.  White horizontal line represents the 
zero slope.  White symbols represent the monthly slope of the absolute growth rates vs. log 
[CO2] derived from linear regression analysis for each CO2 treatment.  Black panel represents no 
data.  Error bars represent ± 1 SE of the regression slope.
2013-2014




















































































































































































Plant Size  
Initially, Puget Sound WA plants were much larger than VA plants.  Some WA plants 
exceeded 1m in length and 0.3-0.5 cm in width while Chesapeake region eelgrass leaves reached 
about 30 cm in length and 0.1-0.5 cm in width.  As with growth rates, plant sizes of the SBV and 
DBW shoots sizes started to increase with CO2 availability throughout the summer and early fall 
2013 when water temperature were above 25° C and decreasing during the winter of 2014 when 
light levels were low, temperatures were cold and CO2 had no effect (Fig 6a-b,Tables 1, 2).  
However, only SBV showed slopes different from zero from October 2013 to February 2014 
(Appendix Table 31).  The significant CO2 effect returned in spring for SBV as growth rates and 
plant sizes increased with warmer temperatures, longer days and higher irradiances (Figs.6a-b, 2, 
3).  At over 70 cm2 shoot-1, NBW plants were initially much larger than DBW or SBV, and 
decreased in size right after being transplanted into the experimental aquaria in May and June 
2013 (Fig. 6c).  However, in July 2013 CO2 availability had a positive effect on the size of NBW 
shoots, but afterwards size started to decrease again when temperatures exceed the 25° C stress 




Figure 6.  Heat maps of percent of original plant size as a function of pH/CO2 treatment and 
time.  (a) South Bay, VA.  (b) Dumas Bay, WA.  (c) Nisqually Bay, WA.  Tick marks on the left 
vertical axis of each plot indicate the mean pH/CO2 value for each treatment.  Tick marks on the 
right vertical axis of each plot indicate the values of the slopes.  White horizontal line represents 
the zero slope.  White symbols represent the monthly slope of the percent of original plant size 
vs. log [CO2] derived from linear regression analysis for each CO2 treatment.  Black panel 
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Sugar content of SBV and DBW leaves increased 2 to 3 fold under high CO2 availability (Fig 
7a-b).  However, SBV leaves maintained higher sugar concentrations (a measure of labile carbon 
reserves) than eelgrass from both WA populations during summer and winter.  During summer 
SBV leaf sugar concentration in the highest CO2 treatment was 1.7 and 2.5-fold higher than 
DBW and NBW, respectively.  During winter, SBV leaf sugar was 2 times higher than DBW 
(Fig. 7, Table 4).  However the monthly trends of leaf sucrose did not differ among populations 
where plants under high CO2 accumulated more sugar (Table 4).  In general, the monthly trends 
demonstrated a sinusoidal pattern, showing a CO2 effect during summer, but not in the winter, 
which is consistent with the observed patterns in growth.  The effect of CO2 on sugar content 
was most pronounced during August 2013 for SBV and July 2013 for DBW (white symbols, 
Figs.7a-b, Tables 1 and 2). 
Sugar concentrations increased in all CO2 treatments during March for SBV and January 
2014 for DBW (Figs.7a-b, Tables 1 and 2), when temperature, shoot proliferation and growth 
were the lowest (Figs 2, 4a-b, 5a-b).  The relationship between leaf sugar and CO2 for SBV was 
different from zero most part of the experiment (Appendix Table 32) and remained positive 
throughout the duration of the experiment (white symbols, Fig 7a).  Monthly slopes statistics of 
the sucrose concentration vs. log [CO2] for DBW was different from zero during July and 
September 2013 (Appendix Table 32).  However, the sugar content of DBW leaves decreased 
during December 2013 becoming negatively related to CO2 availability in conjunction with 
decreasing temperature and growth decreased (Figs. 1, 5b, white symbols 7b).  Then in January 
of 2014, DBW sugar concentrations started to increase across all CO2 treatments and become 
significantly different from zero in April 2014 (white symbols, Figs.7b, Appendix Table 32). 
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Although survival and growth of NBW shoots did not respond positively to CO2 availability, 
leaf sugar content did (Fig.7c).  Differences across CO2 treatments were most pronounced during 
September 2013 when sucrose concentration in the highest CO2 reached 500 µmol g
-1 DW.  The 
relationships (slopes) between CO2 treatment and NBW leaf sugar were positive but not different 
from zero throughout the experiment, indicating accumulation of sugar under high CO2 in 
September 2013 (white symbols, Fig.7c, Appendix Table 32).  Despite the accumulation of 




Figure 7.  Heat maps of leaf sucrose concentration as a function of pH/CO2 treatment and time.  
(a) South Bay, VA.  (b) Dumas Bay, WA.  (c) Nisqually Bay, WA.  Tick marks on the left 
vertical axis of each plot indicate the mean pH/CO2 value for each treatment.  Tick marks on the 
right vertical axis of each plot indicate the values of the slopes.  White horizontal line represents 
the zero slope.  White symbols represent the monthly slope of the leaf sucrose concentration vs. 
log [CO2] derived from linear regression analysis for each CO2 treatment.  Black panel 









































































































































































































Instantaneous rates of gross photosynthesis (Pg) measured in air-saturated seawater ([CO2] = 
15 M) increased with temperature up to 30° C across all CO2 treatments for all populations 
(Figs.8a, Table 5).  Similarly, the slopes of the log-transformed rate of Pg response to 
temperature were not different across all CO2 treatments and populations (Table 5, Fig.8b).  Leaf 
respiration (R) also increased with temperature up to 30° C and showed no significant differences 
among populations or CO2 treatment (Fig. 9a).  The slopes of the log-transformed rate of R to 
temperature showed no significant difference across populations from different CO2 conditions 
even when measured at ambient CO2 in the oxygen chamber showing no significant evidence of 
thermal stress for the populations (Table 6, Fig.9b).  
As a result of the similarity among the slopes of temperature-dependent leaf respiration and 
gross photosynthesis among populations and despite the high variability of the SBV population, 
the ratio of Pg:R showed almost no change with temperature.  Moreover, plants grown across the 




Figure 8.  (a) Effect of short-term temperature exposure on gross photosynthesis, Pg, of Z. 
marina leaves grown at (- . -×- . -) 55, (- -●- -) 107, (---▲---) 370, (…■…) 823, and (‒♦‒) 2121 µmol 
CO2 Kg
-1 SW and measured at ambient CO2 conditions. (b) Q10 of gross photosynthesis resulting 
from the slope of the log Pg vs. temperature for each growth pH/CO2 treatment  (‒●‒) South Bay 
VA, (…○…) Dumas Bay WA, (‒▲‒) Nisqually Bay WA.  Error bars represent ± 1 SE of the Q10 
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Table 5.  Linear mixed model with repeated measures results for comparison of log Pg among 
populations.  Log Pg ANCOVA table for Type III tests of fixed effects using the mixed linear 
model routine implemented in SPSS.  [CO2] and population were treated as fixed factors with 
temperature as the covariate. 
Source Numerator df Denominator df F p 
Intercept 1 147 770.201 <0.001* 
Population 2 147 1.270 0.284 
Temperature 1 147 110.703 <0.001* 
Population X Temperature 2 147 1.511 0.224 
[CO2] X Temperature 4 147 1.495 0.207 
Population X [CO2] 12 147 0.961 0.488 






Figure 9.  (a) Effect of short-term temperature exposure on respiration, R, of Z. marina leaves 
grown at (- . -×- . -) 55, (- -●- -) 107, (---▲---) 370, (…■…) 823, and (‒♦‒) 2121 µmol CO2 Kg-1 SW 
and measured at ambient CO2 conditions.  (b) Q10 of the respiration rates resulting from the slope 
of the log R vs. temperature for each growth pH/CO2 treatment (‒●‒) South Bay, VA (
…○…) 
Dumas Bay, WA (‒▲‒) Nisqually Bay, WA.  Error bars represent ± 1 SE of the Q10 calculated 
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Table 6.  Linear mixed model with repeated measurements results for comparison of log R 
among populations.   Log R ANCOVA table for Type III tests of fixed effects using the mixed 
linear model routine implemented in SPSS.  [CO2] and population were treated as fixed factors 
with temperature as the covariate. 
Source Numerator df Denominator df F p 
Intercept 1 145 28.172 <0.001* 
Population 2 145 0.087 0.917 
Temperature 1 145 31.884 <0.001* 
Population X Temperature 2 145 0.397 0.673 
[CO2] X Temperature 4 145 2.263 0.065 
Population X [CO2] 12 145 0.874 0.575 










Figure 10.  Calculated ratio of gross photosynthesis to dark respiration as a function of 
temperature from eelgrass grown at (a) low CO2 and (b) high CO2, measured at ambient CO2 
conditions in the oxygen electrode.  Error bars represent ±1 SE.  (‒●‒) South Bay VA, (…○…) 
Dumas Bay WA, (‒▲‒) Nisqually Bay, WA. 
 
 
Table 7.  Linear mixed model with repeated measurements results for comparison of Pg:R among 
populations.  Pg:R ANCOVA table for Type III tests of fixed effects using the mixed linear 
model routine implemented in SPSS.  [CO2] and population were treated as fixed factors with 
temperature as the covariate. 
Source Numerator df Denominator df F p 
Intercept 1 93 12.523 <0.001* 
Population 2 93 0.708 0.495 
[CO2] 4 93 0.129 0.971 
Temperature 1 93 0.115 0.735 
Population X [CO2] 8 93 0.084 1.000 
Population X Temperature 2 93 0.238 0.789 
[CO2] X Temperature 4 93 0.828 0.511 
Population X [CO2] X Temperature 8 93 0.281 0.971 
  
Temperature (C)






























At the beginning of the experiment in May 2013 leaf total chlorophyll concentrations were 
equal across treatment but different among populations where SBV started with a higher 
chlorophyll concentration (28.72 µg Chl cm-2) than DBW (20.08 µg Chl cm-2) and NBW (23.64 
µg Chl cm-2) eelgrass.  However, the total chlorophyll (Chl a + b) decreased with increasing CO2 
availability in all populations even though they were exposed to the same light environment 
(Figs. 11a-c, Tables 4-6).  The three populations showed chlorophyll concentrations increasing 
with temperature (Fig.3) and irradiance (Fig.2) during August and September 2013 when sucrose 
differences across CO2 treatments were most pronounced (Fig.7).  Monthly slopes between total 
chlorophyll vs log [CO2] were not different among populations (Table 7).  Ratios of Chl a:b did 





Figure 11.  Heat maps of photosynthetic pigments per leaf area as a function of pH/CO2 
treatment and time.  (a) South Bay, VA.  (b) Dumas Bay, WA.  (c) Nisqually Bay, WA.  Tick 
marks on the left vertical axis of each plot indicate the mean pH/CO2 value for each treatment.  
Tick marks on the right vertical axis of each plot indicate the values of the slopes.  White 
horizontal line represents the zero slope.  White symbols represent the slope effects of CO2 
enrichment on chlorophyll content as a function of the leaf area from linear regression analysis 
for each CO2 treatment.  Error bars represent ± 1 SE of the regression slope.  
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Figure 12.  Heat maps of photosynthetic pigments chl a:b as a function of pH/CO2 treatment and 
time.  (a) South Bay, VA.  (b) Dumas Bay, WA.  (c) Nisqually Bay, WA.  Tick marks on the left 
vertical axis of each plot indicate the mean pH/CO2 value for each treatment.  Tick marks on the 
right vertical axis of each plot indicate the values of the slopes.  White horizontal line represents 
the zero slope.  White symbols represent the monthly slopes of the Chl a:b vs. log [CO2] derived 
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The experimental results revealed important differences in the combined responses of the 
three eelgrass populations to CO2 availability and temperature.  All populations revealed 
significant positive effects of CO2 on leaf sucrose, but the local population, SBV, was most 
responsive to CO2 availability in terms of whole plant survival, shoot size and growth.  CO2 also 
helped eelgrass from the cool waters of DBW to survive summer temperatures exceeding the 25° 
C threshold, as evidenced by increased shoot numbers, growth, plant size and sucrose 
concentration, even if they did not respond as well as SBV.  On the other hand, the survival and 
growth of NBW eelgrass did not respond positively to the CO2 treatment even though plants did 
not show significant evidence of metabolic stress (>1 Pg:R) relative to the other eelgrass 
populations.  These differences suggest some degree of ecotypic differentiation/adaptation to 
local conditions, some of which may be related to carbon balance but some of which appear to be 
related to other processes not yet determined. 
It has been demonstrated both theoretically and experimentally that CO2 could counteract the 
impacts of high temperature on eelgrass (Zimmerman et al. 2015, Zimmerman et al. 2017), but 
there appear to be signficant differences on the CO2 effect on eelgrass distributed throughout the 
Northern Hemisphere affecting resilience to temperature stress (Backman 1991, van Lent & 
Verschuure 1994, Olsen et al. 2004).  Throughout summer water temperature in the experiment 
aquaria was 15° C higher than the temperature in Washington eelgrass natural habitat, and was 
above the 25º C temperature threshold for 97 days.  Prolonged thermal stress above 25° C has 
been shown to trigger die-backs when Pg:R is <1 (Evans et al. 1986, Zimmerman et al. 1989, 
Ehlers et al. 2008).  In terms of carbon balance, the three populations were consistent showing no 
differences in Pg:R, all above 1, and sugar accumulation during summer under high CO2, 
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however the relative speed of NBW demise suggests an acute direct response to temperature.  
The specific cause of the NBW mortality is unknown and may also relate to differences in 
photosynthetic performance after the heat stress which was not measured in this experiment.  In 
essence, after the heat stress when temperatures were falling, NBW plants could be diverting 
energy towards respiration or storage and experiencing low optimum temperatures for growth 
(Marsh et al. 1986, Campbell et al. 2006, Winters et al. 2011).  On the other hand, the increased 
plant size, growth, sucrose, and shoot proliferation in SBV and DBW suggest that the CO2 
enhancement was able to compensate for temperature stress by increasing the availability of 
labile carbon reserves required for growth and repair.  Eelgrass studies had shown an increase in 
carbon balance in plants grown in elevated CO2 conditions in comparison to plants grown in low 
CO2 when measured at their respective growth conditions (Zimmerman et al. 1997, Invers et al. 
2001, Palacios & Zimmerman 2007, Zimmerman et al. 2017).   
Studies with Atlantic and Pacific Ocean eelgrass populations indicate that the degree of 
population genetic variability is location dependent (Ort et al. 2012).  Along with displaying 
higher survival and bigger changes in growth among populations, Virginia eelgrass from the 
Chesapeake Bay and the Atlantic have low genetic diversity (Williams & Orth 1998, Olsen et al. 
2004, Rhode & Duffy 2004) than populations from the east Pacific (Olsen et al. 2004) and Puget 
Sound (Ruckelshaus 1998).  High genetic diversity in the Pacific eelgrass suggest that these 
plants may be adapted to localized conditions that could not transfer to other sites, although those 
with lower diversity tend to be more vulnerable to extinction (Beardmore 1983), may be more 
generalists, and therefore able to tolerate a broader range of environmental conditions.  Species 
with a wide distribution like eelgrass suggests that  populations adapted to locally warm climates 
should have a higher thermal tolerance than populations from colder climates, having the 
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potential for genetic rescue against high temperatures and increasing the fitness of endangered 
populations (Davis & Shaw 2001, Whiteley et al. 2015).  Thus, high temperature water 
conditions in the Mid Atlantic appear to increase Virginia eelgrass population thermal tolerance 
due to local adaptation suggesting greater capacity for thermal acclimation under high CO2.  On 
the other hand, NBW plants survival response suggests dissimilarity in the recovery regardless of 
the CO2 treatment, where this population coming from a cooler environment declined even after 
water temperatures started to drop, while Dumas Bay and South Bay eelgrass did not show signs 
of thermal stress. 
European eelgrass also showed survival differences among populations and differential 
expression of genes that regulate the stress response and subsequent recovery from thermal stress 
(Bergmann et al. 2010, Winters et al. 2011, Gu et al. 2012, Franssen et al. 2014, Jueterbock et al. 
2016).  However, gene expression comparison among these eelgrass populations showed the 
same patterns where stress genes were affected by temperature and sucrose but did not respond 
to CO2 enrichment (Chapter 4).  Moreover we also know that CO2 provides stress relief for these 
populations by increasing Calvin Cycle and nitrogen assimilation metabolites although the 
degree of relief differs among eelgrass populations (Zayas-Santiago et al. 2020). 
In general, eelgrass biomass allocation in response to CO2 availability depends upon the 
population.  The eelgrass population from Elkhorn Slough, CA showed no difference in above 
ground biomass, but large differences in below ground biomass (Palacios & Zimmerman 2007) 
while SBV population used here showed a nearly allometric increase in both above and below 
ground biomass (Zimmerman et al. 2017).  The response to temperature stress under high CO2 of 
NBW revealed a biomass loss expressed in decreased size and growth and increased leaf sucrose 
similar to Cymodocea nodosa under 6-wk thermal stress (Marín-Guirao et al. 2018).  However, 
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under heat stress eelgrass mobilize soluble sugars, amino acids and organic acids stored in 
below-ground tissues (Staehr & Borum 2011, Gao et al. 2019, George 2019) important for 
growth and coping with stress (Gu et al., 2012; Rolland et al., 2006).  This important carbon and 
nitrogen mobilization could indicate that during and after the heat stress regardless of CO2 
availability, NBW rhizomes may have transferred compounds towards the few standing shoots 
and might not be enough to support growth under thermal stress.  Furthermore, NBW may have 
increased photorespiratory and stress-related compounds resembling its counterpart DBW under 
high CO2 (Zayas-Santiago et al. 2020). 
Although shoot survival differed significantly among the three populations, they all 
showed the same decrease in leaf chlorophyll content under high CO2 conditions.  These long-
term results conflict with a short-term experiments (days) in which genes coding for carbon 
fixation and light reactions increased in response to CO2 availability (Ruocco et al. 2017) 
suggesting an increase in sucrose production and chlorophyll.  However, while sucrose increase 
was evident in this experiment, leaf pigment content decreased under high CO2 when exposed to 
long-term (months) CO2 availability suggesting that it may be triggering photoacclimation 
mechanisms (Celebi et al. 2021) caused by the higher redox state of thylakoid membranes of the 
plants exposed to high CO2 (Eberhard et al. 2008, Pfannschmidt & Yang 2012). 
Differences in initial plant size and the positive response to CO2 availability under thermal 
stress of one of the populations from the cooler environment, DBW, suggest differentiation along 
the Puget Sound coast likely due to other environmental factors (e.g. water temperature fluxes, 
differences in exchange water flow with oceanic waters, nutrient inputs, etc.).  Although the WA 
populations experience similar water temperature patterns throughout the year (Roberts 2014), 
other environmental conditions, such as prevailing winds and local water movement can 
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contribute to fine-scale population genetic structure in seagrasses (Backman 1991, Oliva et al. 
2014, Sinclair et al. 2014).  
The survival dissimilarity among population is not linked to loss of basic metabolic 
functions during summer, therefore suggesting differences in the acclimation ability of Z. marina 
populations.  Perhaps seagrasses populations with large plants sizes and thick rhizomes, require 
stable environments to support their growth while smaller plants grow in frequently disturbed 
habitats because they have the potential to develop during short time intervals between 
disturbances as previously found in studies between seagrass species (Duarte 1991). Therefore, 
Z. marina with large plants sizes might improve their performance reducing sensitivity to heat 
stress (Staehr & Borum 2011, Jueterbock et al. 2016) under slow environmental changes (short-
term high-temperature) if other factors are not limited (i.e. light, nutrients, DIC) (Alexandre et al. 
2012, Beca-Carretero et al. 2018). 
Differences in population survival responses to CO2 availability observed here point to 
differences in the acclimation ability of the populations.  However, a full understanding of 
whole-plant responses to climate-driven environmental change requires us to link environment 
influences on whole plant performance to changes in the transcriptome and the metabolome that 
ultimately drive plant performance.  Such knowledge will help predict earth system interactions 




METABOLOMICS REVEAL BIOCHEMICAL PATHWAYS RESPONSIBLE FOR 
EELGRASS RESPONSE TO CLIMATE CHANGE 
Introduction 
Metabolomics is a field of the biological sciences studies based on the simultaneous 
measurement of multiple metabolites, using analytical chemistry techniques such as mass 
spectrometry and/or NMR spectroscopy, followed by statistical analysis like multivariate or 
repeated univariate tests (Bundy et al. 2008).  The metabolome consists of thousands of low 
molecular weight metabolites (typically <800 Da) such as amino acids, organic acids, sugars and 
phenolic compounds derived from primary and secondary cellular metabolism.  There are two 
types of metabolomic analysis: targeted and untargeted.  Targeted metabolomics refers to the 
detection and precise quantification of known compounds and requires the availability of the 
purified form (Cambiaghi et al. 2016).  Currently, only few purified standards are identified and 
available for a calibration process limiting a comprehensive analysis of the metabolome 
(Cambiaghi et al. 2016).  On the other hand, the untargeted approach, also called ‘metabolite 
fingerprinting’, is used for comprehensive metabolome comparison examining the metabolite 
variations as changes of chromatographic patterns without previous knowledge of the 
compounds (Cambiaghi et al. 2016).  Therefore, metabolite profiling provides a snapshot of the 
chemical composition of a sample at a given moment in time.  Interpreting metabolomic data is 
essential to relate the metabolite to both biochemical causes and physiological consequences 
(Mehrotra & Mendes 2006). 
Plant response to environmental changes involve an array of biochemical, molecular and 
metabolic processes.  The metabolome of an organism is considered its chemical phenotype 
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(Fiehn 2002) as it is the first component responding to external stressors (Gargallo-Garriga et al. 
2018).  Therefore the accumulation and/or deficiency of metabolites are believed to play 
adaptive roles in plant stress tolerance.  Previous studies have demonstrated that increasing 
concentrations of CO2 in Earth’s atmosphere and oceans produce significant impacts on 
seagrasses physiology.  For example, enhanced photosynthesis stimulated by rising CO2 
availability can offset the effects of thermal stress for seagrasses such as eelgrass (Zostera 
marina L.) (Palacios & Zimmerman 2007, Zimmerman et al. 2017).  However, ssignificant 
variation exists in the physiological level of responsiveness of eelgrass populations to CO2 
availability (Chapter 2).  However, the extent to which Z. marina physiological plasticity is 
grounded in molecular regulation remains largely unknown. 
This study evaluated the metabolic profiling of two distinct eelgrass populations from 
contrasting thermal environments (Puget Sound, Washington and Chesapeake Bay, Virginia, 
USA) subjected to an experimental gradient of increased CO2 conditions in the context of a 
seasonal temperature cycle.  The hypothesis of this study is that increased CO2 availability 
should stimulate carbon fixation pathways and reduce the biosynthesis of stress-related 
compounds.  Consequently, differential responses among populations may help examine how the 
environment influences critical downstream performance features linked to plant survival of 
these important ecosystem engineers.  
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Materials and Methods 
Tissue Collection, Storage and Processing 
As previously stated (Chapter 2), one leaf sample (2nd youngest leaf) was collected 
monthly at random from each plastic container (three plastic containers for SBV and one for 
DBW in every aquarium) across the gradient in CO2 treatments.  Epiphytes were removed by 
gently scraping each leaf with a clean razor blade, followed by a brief rinse in 0.2 µm-filtered 
seawater.  The clean leaves were patted dry with a tissue, flash frozen in liquid nitrogen and 
stored at -80° C.   
Due to limited access to the instrumentation, only one set of samples was analyzed.  
Leaves collected on May 2014 from SBV and DBW, after a year acclimated to CO2 exposure, 
were shipped overnight on dry ice to the Environmental and Molecular Sciences Division of the 
Pacific Northwest National Laboratory (EMSL, U.S. Dept. of Energy) in Richland WA, where 
the metabolite analyses were performed.  This set of samples did not include NBW due to high 
mortality of these plants after experiencing 97 days of temperatures above their threshold in 
September 2013.  The set of samples included SBV eelgrass populations under five CO2 
concentrations (55, 107,370,823, 2121 µmol CO2 Kg
-1 SW) and DBW leaves under low CO2 
(107µmol CO2 Kg
-1 SW, pH ~7.5) and high CO2 (823µmol CO2 Kg
-1 SW, pH ~6.5).  The frozen 
leaf samples were lyophilized for at least 48 h and powdered using a ball mill.  The powdered 
samples were then incubated in methanol/deionized water (4/1 v/v) at 10° C on an orbital shaker 
(1 h) and followed by gentle sonication for 2 min using a Branson ultrasonic cleaner (40 kHz).  
The extracts were centrifuged and the supernatants transferred to pre-combusted (450° C for 8 h) 
amber glass vials for metabolite analysis.  Three solvent-only vials were prepared using only 




50 µL of eelgrass extract from each sample was dried and subsequently derivatized in 
two different steps (Kim et al. 2015).  First, compounds were derivatized to a trimethylsilyl ester 
form using methoxyamine in pyridine solution (30 mg/mL).  Briefly, 20 µL of methoxyamine 
solution was added to each dried extract and samples were incubated at 37° C during 90 min in a 
Thermomixer operating at 1,200 rpm.  Later, amine, carboxyl and hydroxyl groups were 
derivatized using 80 μL of MSTFA (N-Methyl-N-(trimethylsilyl) trifluoroacetamide), 
subsequently incubated at 37° C for 30 min at 1,200 rpm.  All extracts were subsequently 
vortexed for 10 s and centrifuged at 2,750 × g for 5 minutes and supernatants were used for GC-
MS analyses. 
GC-MS analyses were performed using an Agilent GC 7890A equipped with an HP-5MS 
column (30 m × 0.25 mm × 0.25 μm; Agilent Technologies) coupled to a MSD 5975C mass 
spectrometer (Agilent Technologies, Santa Clara, CA).  The injection port temperature was 250° 
C.  Injection volume was set at 10 µL and split-less (most sensitive GC-MS mode where the 
entire sample vaporized in the injector goes onto the column).  The column was maintained at 
60° C for 1 min and then increased at a rate of 10° C min-1 to 325° C during the following 26.5 
min and held for 10 min.  Experimental blanks from the solvent-only vials were injected every 
15 samples and a mixture of fatty acid methyl esters (FAMEs; C8-C28) was analyzed at the 
beginning of the sequence.  
Chromatograms were deconvoluted and calibrated according to the retention indices (RI) 
from the FAME (Fatty Acid Methyl Ester) mixture.  Metabolite identification was conducted by 
matching mass spectra and RIs to an updated version of FiehnLib database (Kind et al. 2009).  
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Assigned metabolites were subsequently validated using fragmentation spectra from the National 
Institute of Standards and Technology library (NIST14 GC-MS library).  Parameters used in the 
metabolite detector are shown in Appendix Table 35.  Metabolite matching information in GC-
MS is shown in Appendix Table 36 and more details as previously described (Kim et al. 2015). 
LC-MS Analysis 
LC-MS analyses were performed using a Vanquish ultra-high pressure liquid 
chromatography system (UHPLC) coupled to an LTQ Orbitrap Velos mass spectrometer 
equipped with heated electrospray ionization (HESI) source (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA).  Chromatography was performed with a Hypersil gold C18 reversed-phase 
column (150 × 2.1 mm, 3µ particle size; Thermo Scientific, Waltham, Massachusetts, USA) 
operating at 30° C.  Mobile phases consisted of 0.1% formic acid in water (A) and 0.1% formic 
acid in acetonitrile/water (90:10) (B).  The injection volume was 5 µL and flow rate was constant 
at 0.3 mL min-1.  The elution gradient started at 90% A (10% B) constant for 5 min and then 
linearly changed to 10% A (90% B) during the following 15 min.  Those conditions were held 
for 2 min before returning to initial conditions during the consecutive 2 min.  The column was 
washed and stabilized for 11 min.  All samples were injected in both negative (-) and positive (+) 
ionization modes.  The MS operated at a resolution of 60,000 in Fourier Transform Mass 
Spectrometry (FTMS) full-scan mode measuring a mass range of 50 to1000 m/z (Rivas-Ubach et 
al. 2016).  Experimental blanks from the solvent-only vials were injected every 15 samples.  
LC-MS negative and positive chromatograms were separately processed with MZmine 
2.26 (Pluskal et al. 2010).  Chromatograms were baseline corrected, deconvoluted, aligned and 
metabolic features were assigned to metabolites according to retention time (RT) and exact mass 
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of standard compounds included in the EMSL in-house library (second level identification 
according to Sumner et al. 2007).  The parameters used for the extraction of the metabolic 
fingerprints are given in Appendix Table 37.  Metabolite matching information in LC-MS is 
shown in Appendix Table 38. 
Statistical Analysis 
The final metabolomic dataset was composed of two categorical factors (Population and 
CO2 treatment) and 5757 continuous variables (metabolomic features), including 133 metabolites 
identified by the LC-MS and GC-MS libraries.  Full factorial permutational multivariate analyses 
of variance (PERMANOVA Population + CO2 + Population × CO2) were performed to test for 
overall metabolomic differences between populations and CO2 levels.  Since DBW population 
had a low number of replicates in some CO2 treatments, only two levels of CO2 (823 and 107 
µmol CO2·Kg
-1 SW) were examined here to maintain analytical consistency for both populations 
with respect to the full PERMANOVA model.  Additional PERMANOVAs were performed to 
test for overall differences for CO2 treatments within each eelgrass population.  All 
PERMANOVAs were computed using the Euclidean distance and 10,000 permutations.  Each 
dataset (SBV +DBW, SBV alone, and DBW alone) were subsequently subjected to principal 
component analysis (PCA) to explore the overall metabolomic variability of the study cases. 
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Results and Discussion 
Morphology and whole plant performance  
CO2 enrichment yielded strong positive effects on individual shoot size, vegetative shoot 
numbers (shown as % survival) and sucrose content of both populations during the 12-month 
CO2 exposure (Figs 4, 6, 7).  However, plants from SBV showed larger changes in size and leaf 
sucrose concentration compared to those from DBW (Figs. 6, 7 a, b, and Table 4).  High [CO2] 
also stimulated vegetative shoot survival in both eelgrass populations throughout the entire 
experiment, in May 2014 the highest CO2 treatment shoot numbers doubled through vegetative 
proliferation.  However, shoot numbers decreased under ambient [CO2] during summer for both 
eelgrass populations as water temperature increased and into the winter of 2014 having less than 
half of the originally transplanted shoots in May 2014.  During May 2014 SBV increased in size 
and growth and decreased leaf sugar concentrations.  DBW showed no changes in size but a 
decreased in leaf sucrose across CO2 treatments (Fig. 5 a, b, Fig.6 a, b white symbols and lines). 
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Metabolomic Response of Eelgrass: Comparison between populations at high and low CO2 
Both eelgrass populations showed significantly different metabolomic patterns after 1-
year growth in the experimental aquaria (Table 8).  However, the interaction term between CO2 
treatment and population (p=0.077), suggested that both populations showed similar responses to 
elevated CO2 even though there were significant differences in the abundance of some primary 
metabolites (Glycolysis – Krebs – Calvin) between SBV and DBW plants across CO2 treatments 
(Table 8) and overall plant performance (Chapter 2).  Principal Component Analysis (PCA) of 
the eelgrass metabolomic fingerprints separated the two populations along the first Principal 
Component Axis (PC1), with CO2 treatments separated along PC2 (Fig. 13a), showing 
differences between plants growing at high [CO2] (823 µmol CO2 Kg
-1SW). 
 
Table 8.  Summary Factorial PERMANOVA for metabolomics fingerprints. 
 Source df Sum of 
Squares 
Mean Square F p 
All populations, All log 
[CO2] 
log [CO2] 1 1.7 x 10
17 1.7 x 1017 6.46 <0.001 
 Population 1 1.5 x 1017 1.5 x 1017 5.41 <0.001 
  log [CO2] x Population 1 6.5 x 10





























Figure 13.  Principal Component Analyses of the metabolome fingerprints of eelgrass leaves 
from May 2014 growing at different CO2 concentrations from South Bay, VA (triangles) and 
Dumas Bay (circles) (A) together, (B) South Bay separately, and (C) Dumas Bay separately.  
CO2 treatment is indicated by color.  
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Examining the metabolomic response from the different eelgrass populations under high 
CO2 5,476 metabolites were detected.  Only 133 of those responsive metabolites have been 
identified and 32 were significantly different between the populations under high CO2 (823 µmol 
CO2 Kg
-1SW).  Similarly, under low CO2 (107 µmol CO2 Kg
-1SW) 5,120 metabolites were 
detected from those 131 identified and 39 significantly different between the populations.  
In general, DBW eelgrass had higher abundances of photorespiratory and stress-related 
compounds in the shikimate pathway regardless of the CO2 treatment (Fig. 14 a,b, Table 9,10), 
while SBV plants had higher abundances of α-ketoglutaric acid (TCA Cycle) across CO2 
treatments (Fig 14a,b, Table 9,10).  Higher abundance of 3-dehydroshikimate (Fig. 14 a, b, Table 
9,10) observed in DBW leaves relative to SBV may indicate up-regulation of metabolic flux 
through the shikimate pathway (Singh & Christendat 2006) leading to the synthesis of 
polyphenols.  Stress conditions such as high light and pathogens (Vergeer et al. 1995), and CO2 
limitation of seagrass photosynthesis (Arnold et al. 2012) appear to increase the abundance 
phenolic compounds in seagrasses, and the shikimic intermediates are known to respond to 
oxidative stress and copper pollution in some macrophytes (Zou et al. 2014, Kumari et al. 2015). 
Proline and serine were more abundant in DBW eelgrass than in SBV at high [CO2] (Fig 
14a, Table 9).  Proline is known to aid stress tolerance by acting as a metal chelator, by 
providing antioxidative defense and as a signaling molecule (Verbruggen & Hermans 2008, 
Hayat et al. 2012) to control mitochondrial functions, developmental processes and activate gene 
expression that may facilitate plant recovery from stress (Szabados & Savouré 2010).  Serine has 
also been implicated in stress tolerance (e.g., low temperature and elevated salinity in 
Arabidopsis thaliana (Ho & Saito 2001) and references therein) and is synthesized (i) through 
the photorespiratory glycolate pathway, (ii) from Calvin Cycle intermediates (the 
57 
 
“phosphorylated” pathway) and/ or (iii) the glycerate pathway via cytosolic glycolysis 
(Bourguignon J et al. 1998).  However, high [CO2] is known to decrease photorespiration in 
eelgrass (Celebi 2016), suggesting that the elevated abundance of serine observed here were 




Table 9.  ANOVA population comparison of leaf metabolites relative abundance (i.e., MS peak area) and standard error on high [CO2] 




Dumas Bay WA  
Mean ± SE MS Peak Area 
South Bay VA  
Mean ± SE MS Peak Area 
F p Higher 
concentration 
L-Serine C00716 16.83E+04 ± 70.83E+02 8.60E+04 ± 30.00E+02 141.81 < 0.01 Dumas Bay, WA 
Guanosine C00387 3.00E+04 ± 24.28E+02 48.08E+02 ± 6.92E+02 132.18 < 0.01 Dumas Bay, WA 
S-1-Phenylethanol C07112 74.09E+04 ± 3.37E+04 23.77E+04 ± 2.94E+04 126.42 < 0.01 Dumas Bay, WA 
Cytosine C00380 41.57E+04 ± 3.66E+04 7.83E+04 ± 40.62E+02 118.45 < 0.01 Dumas Bay, WA 
Guanine C00242 54.94E+04 ± 2.76E+04 17.85E+04 ± 2.61E+04 92.37 < 0.01 Dumas Bay, WA 
4-Hydroxy-L-Proline C01157 10.72E+04 ± 71.02E+02 5.26E+04 ± 34.93E+02 56.91 < 0.01 Dumas Bay, WA 
Uracil C00106 16.81E+04 ± 91.72E+02 7.61E+04 ± 1.00E+04 42.35 < 0.01 Dumas Bay, WA 
Sugars, Alcohol, Hexoses  96.95E+02 ± 13.34E+02 21.64E+02 ± 4.18E+02 38.09 < 0.01 Dumas Bay, WA 
L-Proline C16435 79.17E+06 ± 2.13E+06 61.69E+06 ± 1.88E+06 37.67 < 0.01 Dumas Bay, WA 
Nicotinamide C00153 1.11E+06 ± 6.34E+04 69.68E+04 ± 4.33E+04 31.87 < 0.01 Dumas Bay, WA 
D-Arabinose C00216 78.30E+04 ± 62.38E+02 27.09E+04 ± 8.16E+04 28.08 < 0.01 Dumas Bay, WA 
Shikimate C00493 66.48E+04 ± 7.94E+04 32.14E+04 ± 2.15E+04 23.31 < 0.01 Dumas Bay, WA 
Glyceraldehyde C02154 40.84E+04 ± 5.64E+04 10.28E+04 ± 3.79E+04 22.04 0.01 Dumas Bay, WA 
3.Dehydroshikimate C02637 73.98E+02 ± 16.20E+02 14.08E+02 ± 4.92E+02 16.48 0.01 Dumas Bay, WA 
Pyridoxine C00314 16.31E+04 ± 1.99E+04 7.91E+04 ± 1.13E+04 15.39 0.01 Dumas Bay, WA 
5-Methylcytosine Hydrochloride C02376 5.16E+04 ± 89.69E+02 2.06E+04 ± 21.03E+02 15.35 0.01 Dumas Bay, WA 
4-Acetamidobutanoate C02946 11.80E+04 ± 2.17E+04 4.35E+04 ± 62.86E+02 14.37 0.01 Dumas Bay, WA 
Galactitol C01697 84.07E+02 ± 20.09E+02 31.34E+02 ± 1.59E+02 9.72 0.03 Dumas Bay, WA 
5-Methylthioadenosine C00170 4.48E+04 ± 22.82E+02 2.57E+04 ± 51.65E+02 8.87 0.03 Dumas Bay, WA 
Deoxy-Hexoses  60.58E+02 ± 13.94E+02 21.70E+02 ± 5.35E+02 8.59 0.03 Dumas Bay, WA 
Adenine C00147 7.66E+06 ± 56.81E+04 3.66E+06 ± 1.14E+06 7.80 0.04 Dumas Bay, WA 
Hypoxanthine C00262 15.34E+04 ± 6.12E+04 1.39E+04 ± 16.83E+02 7.41 0.04 Dumas Bay, WA 
Naringenin C00509 22.80E+02 ± 9.49E+02 1.40E+02 ± 4.21E+00 7.26 0.04 Dumas Bay, WA 
Thymine C00178 7.87E+04 ± 76.41E+02 4.30E+04 ± 1.06E+04 6.46 0.05 Dumas Bay, WA 





Table 9 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Rs-Mevalonic Acid C00418 51.14E+02 ± 4.67E+02 25.29E+02 ± 8.45E+02 5.80 0.06 Dumas Bay, WA 
Eriodictyol C05631 11.96E+02 ± 5.42E+02 1.30E+02 ± 14.68E+00 5.53 0.07 Dumas Bay, WA 
D-Pantothenic Acid C00864 10.41E+04 ± 3.41E+04 3.71E+04 ± 27.40E+02 5.45 0.07 Dumas Bay, WA 
Diethanolamine C06772 6.78E+04 ± 3.31E+04 33.73E+02 ± 7.08E+02 5.39 0.07 Dumas Bay, WA 
Pyruvate C00022 5.69E+04 ± 20.32E+02 3.14E+04 ± 96.51E+02 4.91 0.08 Dumas Bay, WA 
L-Threonine C00188 18.64E+04 ± 3.22E+04 11.14E+04 ± 2.03E+04 4.31 0.09 Dumas Bay, WA 
L-Pipecolic Acid C00408 1.49E+06 ± 37.59E+04 83.29E+04 ± 8.45E+04 3.95 0.10 Dumas Bay, WA 
Creatine C00300 81.76E+04 ± 47.44E+04 4.86E+04 ± 67.21E+02 3.75 0.11 Dumas Bay, WA 
2-Aminophenol C01987 72.94E+04 ± 5.98E+04 59.72E+04 ± ± 4.30E+04 3.43 0.12 Dumas Bay, WA 
Palmitic Acid C00249 2.45E+06 ± ± 4.92E+04 1.93E+06 ± 23.60E+04 3.36 0.13 Dumas Bay, WA 
D-3-Phosphoglyceric Acid C00597 95.48E+02 ± 53.36E+02 16.63E+02 ± 3.09E+02 3.10 0.14 Dumas Bay, WA 
3-Amino-5-Hydroxybenzoic-Acid C12107 3.48E+04 ± 18.80E+02 2.85E+04 ± 27.33E+02 3.07 0.14 Dumas Bay, WA 
Monoshaccharides, Hexoses  1.86E+06 ± 77.52E+04 69.53E+04 ± 13.23E+04 3.04 0.14 Dumas Bay, WA 
L-Valine C00183 13.72E+06 ± 7.03E+06 3.67E+06 ± 72.09E+04 2.86 0.15 Dumas Bay, WA 
Acetoacetate C00164 6.94E+04 ± 17.89E+02 5.51E+04 ± 70.97E+02 2.80 0.15 Dumas Bay, WA 
D-Mannose C00159 1.85E+06 ± 72.02E+04 85.30E+04 ± 8.80E+04 2.67 0.16 Dumas Bay, WA 
L-Arginine C00062 1.00E+04 ± 24.94E+02 50.09E+02 ± 17.13E+02 2.79 0.17 Dumas Bay, WA 
4.Guanidinobutanoate C01035 22.37E+04 ± 11.96E+04 6.23E+04 ± 1.60E+04 2.51 0.17 Dumas Bay, WA 
Glutaric Acid C00489 11.32E+04 ± 2.64E+04 6.64E+04 ± 1.85E+04 2.26 0.19 Dumas Bay, WA 
Mandelic Acid C01984 2.10E+04 ± 85.77E+02 88.28E+02 ± 34.07E+02 2.18 0.20 Dumas Bay, WA 
S-Malate C00711 5.36E+06 ± 2.48E+06 2.08E+06 ± 68.49E+04 2.16 0.20 Dumas Bay, WA 
Succinate Semialdehyde C00232 1.16E+04 ± 30.63E+02 58.28E+02 ± 26.05E+02 2.09 0.21 Dumas Bay, WA 
D-Lyxosylamine  1.91E+06 ± 31.60E+04 1.43E+06 ± 17.49E+04 2.03 0.21 Dumas Bay, WA 
Histamine C00388 4.76E+04 ± 59.27E+02 3.89E+04 ± 31.78E+02 1.96 0.22 Dumas Bay, WA 
Pyruvic Aldehyde C00546 20.55E+04 ± 9.51E+04 9.25E+04 ± 2.49E+04 1.77 0.24 Dumas Bay, WA 





Table 9 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Fumarate C00122 15.47E+04 ± 5.17E+04 9.48E+04 ± 2.38E+04 1.35 0.30 Dumas Bay, WA 
Sucrose C00089 1.26E+08 ± 6.37E+06 1.11E+08 ± 10.27E+06 1.30 0.31 Dumas Bay, WA 
D-Gulonic Acid, Gama Lactone C01040 3.69E+04 ± 1.04E+04 2.25E+04 ± 80.38E+02 1.25 0.31 Dumas Bay, WA 
4-Hydroxy-L-Phenylglycine 
Pyridoxal 
CA1445 18.83E+04 ± 7.99E+04 10.82E+04 ± 2.20E+04 1.25 0.31 Dumas Bay, WA 
Creatinine C00791 11.50E+04 ± 5.92E+04 6.34E+04 ± 57.68E+02 1.07 0.35 Dumas Bay, WA 
L-Alanine C00041 60.19E+04 ± 4.15E+04 47.35E+04 ± 10.33E+04 1.02 0.36 Dumas Bay, WA 
3-Methoxytyramine C05587 5.19E+04 ± 9.72E+02 4.49E+04 ± 57.89E+02 1.02 0.36 Dumas Bay, WA 
Phloroglucinol C02183 7.62E+06 ± 1.29E+06 5.94E+06 ± 1.20E+06 0.90 0.39 Dumas Bay, WA 
Leucine C16439 54.55E+04 ± 16.48E+04 40.77E+04 ± 5.74E+04 0.80 0.41 Dumas Bay, WA 
Urocanate C00785 3.73E+04 ± 34.12E+02 3.46E+04 ± 11.16E+02 0.76 0.42 Dumas Bay, WA 
 Aminoadipate C00956 10.57E+04 ± 89.31E+02 9.17E+04 ± 1.28E+04 0.68 0.45 Dumas Bay, WA 
Adenosine Monophosphate C00020 12.59E+04 ± 2.09E+04 10.92E+04 ± 93.03E+02 0.65 0.46 Dumas Bay, WA 
Hexoses, Phosphate  4.67E+04 ± 2.50E+04 2.76E+04 ± 1.36E+04 0.52 0.50 Dumas Bay, WA 
Pyridoxamine C00534 3.63E+04 ± 9.68E+02 3.08E+04 ± 64.99E+02 0.51 0.51 Dumas Bay, WA 
4.Aminobutanoate (GABA) C00334 35.74E+04 ± 1.62E+04 29.46E+04 ± 7.55E+04 0.48 0.52 Dumas Bay, WA 
1.Methyladenine C02216 3.62E+04 ± 93.22E+02 3.03E+04 ± 28.45E+02 0.48 0.52 Dumas Bay, WA 
Uridine C00299 4.03E+04 ± 1.17E+04 3.27E+04 ± 46.63E+02 0.46 0.53 Dumas Bay, WA 
L-Sorbose C00247 38.14E+06 ± 13.90E+06 29.10E+06 ± 5.62E+06 0.46 0.53 Dumas Bay, WA 
D-Malic Acid C00497 3.48E+06 ± 1.49E+06 2.63E+06 ± 18.19E+04 0.45 0.53 Dumas Bay, WA 
Luteolin C01514 6.77E+06 ± 3.80E+06 4.90E+06 ± 1.30E+06 0.28 0.62 Dumas Bay, WA 
D-Fructose C00095 56.19E+06 ± 22.86E+06 45.86E+06 ± 9.37E+06 0.22 0.66 Dumas Bay, WA 
D-Glucuronolactone C00191 8.65E+04 ± 2.41E+04 7.27E+04 ± 2.42E+04 0.15 0.71 Dumas Bay, WA 
Disaccharides  3.44E+06 ± 49.72E+04 2.95E+06 ± 1.04E+06 0.14 0.72 Dumas Bay, WA 
Phenylacetic Acid C07086 41.63E+02 ± 23.39E+02 33.73E+02 ± 13.24E+02 0.10 0.77 Dumas Bay, WA 
N--N-N-Trimethyl Lysine C03793 13.64E+02 ± 46.86E+00 12.63E+02 ± 2.76E+02 0.09 0.77 Dumas Bay, WA 





Table 9 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
L-Tyrosine C01536 35.30E+04 ± 4.75E+04 33.45E+04 ± 5.96E+04 0.05 0.83 Dumas Bay, WA 
O-Succinyl-L-Homoserine C01118 22.50E+04 ± 2.74E+04 22.07E+04 ± 3.78E+04 0.01 0.94 Dumas Bay, WA 
Caffeic Acid C01197 87.49E+04 ± 20.75E+04 87.38E+04 ± 9.72E+04 0.00 1.00 Dumas Bay, WA 
       
 Ketoglutaric Acid C00026 1.09E+04 ± 29.89E+02 11.25E+04 ± 1.30E+04 57.84 < 0.01 South Bay, VA 
N-Acetyl-D-Tryptophan C03137 63.51E+02 ± 68.60E+00 1.75E+04 ± 23.78E+02 15.57 0.01 South Bay, VA 
1-Aminocyclopropane-1-Carboxylate C01234 2.29E+06 ± 12.23E+04 14.03E+06 ± 2.68E+06 13.66 0.01 South Bay, VA 
2,6-Dihydroxypyridine C03056 5.05E+04 ± 50.38E+02 8.77E+04 ± 88.83E+02 10.77 0.02 South Bay, VA 
Azelaic Acid C08261 34.55E+02 ± 8.16E+02 71.23E+02 ± 9.09E+02 8.29 0.03 South Bay, VA 
Galactonic Acid C00880 48.72E+04 ± 15.57E+04 90.02E+04 ± 6.29E+04 7.58 0.04 South Bay, VA 
3-Amino-4-Hydroxybenzoic Acid C12115 4.23E+04 ± 96.25E+02 7.19E+04 ± 60.89E+02 7.53 0.04 South Bay, VA 
N--Acetyl-L-Lysine C12989 3.50E+04 ± 84.95E+02 5.62E+04 ± 27.03E+02 7.42 0.04 South Bay, VA 
L-Isoleucine C16434 1.97E+06 ± 55.89E+04 3.29E+06 ± 20.96E+04 6.20 0.06 South Bay, VA 
4.Hydroxybenzaldehyde C00633 41.61E+02 ± 1.88E+02 2.41E+04 ± 69.12E+02 5.92 0.06 South Bay, VA 
Rosmarinic Acid C01850 57.90E+04 ± 33.30E+04 1.79E+06 ± 34.93E+04 5.88 0.06 South Bay, VA 
Turanose C19636 1.60E+06 ± 18.61E+04 2.44E+06 ± 26.06E+04 5.85 0.06 South Bay, VA 
N-Acetyl-L-Alanine C01073 2.98E+04 ± 3.52E+02 3.66E+04 ± 27.71E+02 4.23 0.09 South Bay, VA 
N-Acetyl-D-l-Glutamic Acid C00624 2.06E+06 ± 34.20E+04 10.89E+06 ± 3.74E+06 3.98 0.10 South Bay, VA 
5-Oxo-L-Proline C01879 8.52E+06 ± 96.91E+04 24.63E+06 ± 6.86E+06 3.90 0.11 South Bay, VA 
L-Glutamine C00303 14.20E+06 ± 2.30E+06 46.62E+06 ± 13.88E+06 3.84 0.11 South Bay, VA 
L-DOPA C00355 52.57E+04 ± 23.02E+04 96.88E+04 ± 11.11E+04 3.61 0.12 South Bay, VA 
L-Asparagine C16438 11.44E+04 ± 1.79E+04 32.37E+04 ± 10.81E+04 2.64 0.17 South Bay, VA 
Maleamate C01596 3.00E+04 ± 51.71E+02 4.12E+04 ± 47.14E+02 2.52 0.17 South Bay, VA 
Salicylate C00805 55.13E+02 ± 8.60E+02 4.59E+04 ± 2.23E+04 2.33 0.19 South Bay, VA 
Adenosine C00212 23.58E+04 ± 13.25E+04 4.48E+06 ± 2.36E+06 2.31 0.19 South Bay, VA 





Table 9 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Formononetin C00858 3.47E+02 ± 89.93E+00 13.71E+02 ± 6.21E+02 1.92 0.22 South Bay, VA 
Trigonelline C01004 6.00E+06 ± 1.24E+06 8.89E+06 ± 1.57E+06 1.86 0.23 South Bay, VA 
Glutamic Acid C00025 3.90E+06 ± 45.34E+04 10.35E+06 ± 4.00E+06 1.85 0.23 South Bay, VA 
3,2-Hydroxyphenyl Propanoate C01198 59.96E+02 ± 5.67E+02 72.65E+02 ± 7.10E+02 1.73 0.25 South Bay, VA 
D-Trehalose C01083 1.79E+06 ± 25.93E+04 2.21E+06 ± 20.94E+04 1.61 0.26 South Bay, VA 
Salsolinol C09642 3.05E+04 ± 17.30E+02 3.46E+04 ± 28.81E+02 1.22 0.32 South Bay, VA 
L-Phenylalanine C02057 75.89E+04 ± 14.95E+04 1.39E+06 ± 52.67E+04 0.99 0.37 South Bay, VA 
Resorcinol Monoacetate C12064 88.44E+02 ± 29.12E+02 1.56E+04 ± 54.21E+02 0.96 0.37 South Bay, VA 
Sugars, Alcohol, Pentoses  37.90E+02 ± 9.48E+02 46.92E+02 ± 6.38E+02 0.68 0.45 South Bay, VA 
3-Hydroxykynurenine C02794 8.44E+04 ± 3.04E+04 10.45E+04 ± 74.54E+02 0.56 0.49 South Bay, VA 
Myoinositol C00137 47.75E+06 ± 5.72E+06 51.73E+06 ± 2.97E+06 0.45 0.53 South Bay, VA 
Glycerol-3-Phosphate C00093 68.27E+04 ± 15.36E+04 88.96E+04 ± 26.73E+04 0.37 0.57 South Bay, VA 
Monosaccharides, Pentoses  12.64E+04 ± 1.84E+04 14.06E+04 ± 1.55E+04 0.35 0.58 South Bay, VA 
3-Aminoisobutanoate C05145 1.72E+04 ± 44.18E+02 2.19E+04 ± 59.68E+02 0.35 0.58 South Bay, VA 
6-Phosphogluconic-Acid C00345 7.33E+04 ± 2.22E+04 9.44E+04 ± 3.17E+04 0.25 0.64 South Bay, VA 
Fisetin C10041 1.19E+08 ± 13.65E+06 1.25E+08 ± 6.21E+06 0.23 0.65 South Bay, VA 
Nicotinate Picolinic Acid C00253 4.84E+04 ± 61.66E+02 5.37E+04 ± 93.59E+02 0.19 0.68 South Bay, VA 
N-Acetylglycine CA1212 6.57E+04 ± 86.22E+02 7.16E+04 ± 99.85E+02 0.18 0.69 South Bay, VA 
Tyramine C00483 4.08E+04 ± 95.01E+02 4.40E+04 ± 52.00E+02 0.10 0.76 South Bay, VA 
Quinoline C06413 3.37E+04 ± 75.35E+02 3.62E+04 ± 41.50E+02 0.10 0.77 South Bay, VA 
Xylitol C00379 10.81E+04 ± 2.55E+04 11.53E+04 ± 1.15E+04 0.08 0.79 South Bay, VA 
Aspartate C00049 1.27E+06 ± 47.44E+04 1.42E+06 ± 31.77E+04 0.07 0.80 South Bay, VA 
2-Hydroxypyridine C02502 77.64E+04 ± 7.79E+04 82.81E+04 ± 16.38E+04 0.06 0.81 South Bay, VA 
Linoleic Acid C01595 18.06E+04 ± 5.69E+04 19.69E+04 ± 2.91E+04 0.06 0.81 South Bay, VA 
6-Hydroxynicotinate C01020 4.87E+04 ± 48.38E+02 5.03E+04 ± 43.36E+02 0.06 0.82 South Bay, VA 





Table 9 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Glyceric Acid C00258 18.83E+04 ± 3.55E+04 19.27E+04 ± 1.51E+04 0.02 0.90 South Bay, VA 
Dehydroascorbate C05422 56.00E+04 ± 26.29E+04 58.46E+04 ± 16.30E+04 0.01 0.94 South Bay, VA 





Table 10.  ANOVA population comparison of leaf metabolites relative abundance (i.e., MS peak area) and standard error on low CO2 




Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Glycerate 3P C00597 7.63E+04 ± 78.57E+02 57.89E+02 ± 30.88E+02 87.91 <0.01  Dumas Bay, WA 
Adenine C00147 9.48E+06 ± 1.24E+06 1.66E+06 ± 5.26E+04 56.09 <0.01  Dumas Bay, WA 
O-Succinyl-L-Homoserine C01118 1.03E+06 ± 17.17E+04 14.11E+04 ± 1.18E+04 38.04 <0.01  Dumas Bay, WA 
3-Dehydroshikimate C02637 1.16E+04 ± 11.51E+02 57.56E+02 ± 3.81E+02 29.73 <0.01  Dumas Bay, WA 
Disaccharides  4.03E+06 ± 55.30E+04 1.52E+06 ± 7.17E+04 28.44 <0.01  Dumas Bay, WA 
4-Acetamidobutanoate C02946 11.89E+04 ± 80.55E+02 7.25E+04 ± 48.58E+02 27.49 <0.01  Dumas Bay, WA 
Uracil C00106 25.08E+04 ± 4.78E+04 3.66E+04 ± 70.89E+02 27.43 <0.01  Dumas Bay, WA 
Guanosine C00387 5.57E+04 ± 1.11E+04 1.01E+04 ± 8.27E+02 24.03 <0.01  Dumas Bay, WA 
4-Hydroxy-L-Proline C01157 12.54E+04 ± 1.18E+04 7.58E+04 ± 30.81E+02 22.13 0.01  Dumas Bay, WA 
Glutaric Acid C00489 10.32E+04 ± 52.65E+02 7.62E+04 ± 37.02E+02 18.86 0.01  Dumas Bay, WA 
Succinate Semialdehyde C00232 62.22E+02 ± 5.92E+02 19.83E+02 ± 6.06E+02 25.06 0.01  Dumas Bay, WA 
Glyceric Acid (Glycerate) C00258 19.75E+04 ± 1.13E+04 15.54E+04 ± 34.57E+02 16.74 0.01  Dumas Bay, WA 
Phloroglucinol C02183 5.25E+06 ± 45.37E+04 3.06E+06 ± 32.92E+04 16.26 0.01  Dumas Bay, WA 
D-Arabinose C00216 69.28E+04 ± 3.15E+04 26.05E+04 ± 10.75E+04 11.08 0.02  Dumas Bay, WA 
Hypoxanthine C00262 6.68E+04 ± 1.33E+04 3.09E+04 ± 29.52E+02 9.44 0.03  Dumas Bay, WA 
Cytosine C00380 60.80E+04 ± 14.70E+04 23.99E+04 ± 2.93E+04 8.30 0.03  Dumas Bay, WA 
Quinoline C06413 4.99E+04 ± 16.23E+02 3.03E+04 ± 61.21E+02 7.10 0.04  Dumas Bay, WA 
-Aminoadipate C00956 13.83E+04 ± 2.92E+04 6.99E+04 ± 1.05E+04 6.24 0.05  Dumas Bay, WA 
1-Methyladenine C02216 7.93E+04 ± 52.28E+02 4.84E+04 ± 1.00E+04 5.97 0.06  Dumas Bay, WA 
5-Methylcytosine-Hydrocloride C02376 4.92E+04 ± 43.70E+02 2.79E+04 ± 67.57E+02 5.89 0.06  Dumas Bay, WA 
Aspartate C00049 1.43E+06 ± 9.70E+04 1.14E+06 ± 7.57E+04 5.82 0.06  Dumas Bay, WA 
Urocanate C00785 14.66E+04 ± 6.40E+04 2.94E+04 ± 38.16E+02 4.75 0.08  Dumas Bay, WA 
L-Serine C00716 24.18E+04 ± 7.67E+04 10.13E+04 ± 2.15E+04 4.15 0.10  Dumas Bay, WA 
Histamine C00388 6.39E+04 ± 95.39E+02 4.01E+04 ± 74.54E+02 4.01 0.10  Dumas Bay, WA 
Sucrose C00089 1.03E+08 ± 9.44E+06 85.07E+06 ± 4.28E+06 3.70 0.11  Dumas Bay, WA 





Table 10 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Glycerate 3P C00597 7.63E+04 ± 78.57E+02 57.89E+02 ± 30.88E+02 87.91 <0.01  Dumas Bay, WA 
Hexoses, Phosphate  11.35E+04 ± 2.73E+04 5.82E+04 ± 1.60E+04 3.47 0.12  Dumas Bay, WA 
Glyceraldehyde C02154 44.02E+04 ± 4.72E+04 32.40E+04 ± 4.47E+04 3.11 0.14  Dumas Bay, WA 
Guanine C00242 92.49E+04 ± 26.23E+04 49.42E+04 ± 9.82E+04 3.01 0.14  Dumas Bay, WA 
N--Acetyl-Lysine C12989 7.55E+04 ± 95.55E+02 6.16E+04 ± 18.15E+02 2.81 0.15  Dumas Bay, WA 
Thymine C00178 8.34E+04 ± 1.38E+04 5.86E+04 ± 92.14E+02 2.44 0.18  Dumas Bay, WA 
Rs-Mevalonic Acid C00418 46.72E+02 ± 12.80E+02 29.90E+02 ± 2.90E+02 2.24 0.19  Dumas Bay, WA 
Pyridoxamine C00534 5.83E+04 ± 1.37E+04 4.14E+04 ± 44.95E+02 1.77 0.24  Dumas Bay, WA 
Creatine C00300 7.15E+04 ± 3.75E+04 2.05E+04 ± 2.78E+02 1.85 0.25  Dumas Bay, WA 
Naringenin C00509 22.46E+02 ± 16.78E+02 4.11E+02 ± 1.21E+02 1.69 0.25  Dumas Bay, WA 
2.Hydroxypyridine C02502 1.27E+06 ± 19.79E+04 93.81E+04 ± 16.30E+04 1.69 0.25  Dumas Bay, WA 
L-Alanine C00041 76.48E+04 ± 14.37E+04 54.61E+04 ± 11.31E+04 1.48 0.28  Dumas Bay, WA 
Eriodictyol C05631 26.31E+02 ± 20.88E+02 5.54E+02 ± 1.24E+02 1.40 0.29  Dumas Bay, WA 
N-Acetyl-L-Alanine C01073 3.65E+04 ± 36.02E+02 3.21E+04 ± 20.54E+02 1.31 0.30  Dumas Bay, WA 
Palmitic Acid C00249 3.25E+06 ± 99.43E+04 2.37E+06 ± 14.78E+04 1.07 0.35  Dumas Bay, WA 
Nicotinamide C00153 1.09E+06 ± 15.29E+04 91.81E+04 ± 8.78E+04 1.07 0.35  Dumas Bay, WA 
Amino-Sugars  6.37E+04 ± 2.19E+04 4.28E+04 ± 86.20E+02 1.00 0.36  Dumas Bay, WA 
Galactitol C01697 60.72E+02 ± 24.15E+02 42.59E+02 ± 10.01E+02 0.60 0.47  Dumas Bay, WA 
D-Pantothenic Acid C00864 6.96E+04 ± 1.51E+04 5.53E+04 ± 1.32E+04 0.51 0.51  Dumas Bay, WA 
Turanose C19636 1.41E+06 ± 30.46E+04 1.23E+06 ± 8.04E+04 0.45 0.53  Dumas Bay, WA 
1,2-Phenylenediamine C14402 5.86E+04 ± 1.49E+04 4.49E+04 ± 1.39E+04 0.45 0.53  Dumas Bay, WA 
Acetoacetate C00164 5.17E+04 ± 15.66E+02 4.98E+04 ± 21.79E+02 0.43 0.54  Dumas Bay, WA 
4-Hydroxy-L-Phenylglycine 
Pyridoxal 
CA1445 12.21E+04 ± 47.18E+02 10.51E+04 ± 2.23E+04 0.40 0.55  Dumas Bay, WA 
N-Acetylglycine CA1212 9.12E+04 ± 1.71E+04 7.94E+04 ± 1.12E+04 0.37 0.57  Dumas Bay, WA 
Nicotinate Picolinic Acid C00253 4.96E+04 ± 52.35E+02 4.43E+04 ± 66.49E+02 0.35 0.58  Dumas Bay, WA 
Tyramine C00483 5.21E+04 ± 1.42E+04 4.38E+04 ± 66.93E+02 0.34 0.58  Dumas Bay, WA 
L-Threonine C00188 24.26E+04 ± 5.02E+04 21.51E+04 ± 3.01E+04 0.25 0.64  Dumas Bay, WA 




Table 10 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher concentration 
D-Glucuronolactone C00191 12.34E+04 ± 42.83E+02 11.61E+04 ± 1.27E+04 0.23 0.65  Dumas Bay, WA 
Shikimate C00493 28.77E+04 ± 2.28E+04 26.43E+04 ± 4.10E+04 0.20 0.67  Dumas Bay, WA 
Maleamate C01596 8.13E+04 ± 2.14E+04 7.40E+04 ± 73.35E+02 0.13 0.73  Dumas Bay, WA 
2-Aminophenol C01987 74.03E+04 ± 12.21E+04 69.14E+04 ± 11.78E+04 0.08 0.79  Dumas Bay, WA 
Linoleic Acid C01595 29.20E+04 ± 21.40E+04 25.24E+04 ± 3.91E+04 0.08 0.80  Dumas Bay, WA 
Azelaic Acid C08261 64.63E+02 ± 18.57E+02 56.31E+02 ± 26.40E+02 0.06 0.82  Dumas Bay, WA 
6-Hydroxynicotinate C01020 5.34E+04 ± 75.80E+02 5.09E+04 ± 91.03E+02 0.04 0.85  Dumas Bay, WA 
3-Methoxytyramine C05587 4.69E+04 ± 67.02E+02 4.57E+04 ± 49.92E+02 0.02 0.89  Dumas Bay, WA 
Citrate C00158 3.54E+06 ± 66.92E+04 3.42E+06 ± 44.11E+04 0.02 0.89  Dumas Bay, WA 
Pyruvic Aldehyde C00546 10.21E+04 ± 1.06E+04 10.17E+04 ± 2.96E+04 0.00 0.99  Dumas Bay, WA 
       
Glycerol-3-Phosphate C00093 76.28E+04 ± 13.98E+04 1.74E+06 ± 8.31E+04 41.28 <0.01 South Bay, VA 
Rosmarinic Acid C01850 4.21E+04 ± 2.40E+04 3.01E+06 ± 39.52E+04 40.24 <0.01 South Bay, VA 
Caffeic Acid C01197 65.42E+04 ± 4.94E+04 1.46E+06 ± 10.44E+04 38.67 <0.01 South Bay, VA 
Resorcinol Monoacetate C12064 74.55E+02 ± 23.71E+02 4.24E+04 ± 57.48E+02 24.27 <0.01 South Bay, VA 
Dehydroascorbate C05422 72.58E+04 ± 2.23E+04 1.50E+06 ± 13.47E+04 23.41 <0.01 South Bay, VA 
4-Hydroxybenzaldehyde C00633 11.03E+02 ± 3.06E+02 9.77E+04 ± 33.48E+02 591.9
2 
0.00 South Bay, VA 
Adenosine C00212 7.69E+04 ± 1.04E+04 8.28E+06 ± 43.48E+04 253.9
0 
0.00 South Bay, VA 
Myoinositol C00137 32.52E+06 ± 3.90E+06 56.09E+06 ± 3.34E+06 21.15 0.01 South Bay, VA 
N-Acetyl-D-l-Glutamic Acid C00624 1.40E+06 ± 37.90E+04 5.97E+06 ± 84.76E+04 18.90 0.01 South Bay, VA 
1-Aminocyclopropane-1-
Carboxylate 
C01234 1.87E+06 ± 51.08E+04 6.70E+06 ± 87.71E+04 18.47 0.01 South Bay, VA 
N---Trimethyl Lysine C03793 34.27E+02 ± 14.85E+02 76.21E+02 ± 3.70E+02 15.49 0.02 South Bay, VA 
Formononetin C00858 6.55E+02 ± 2.59E+02 40.87E+02 ± 8.71E+02 10.63 0.02 South Bay, VA 
L-Proline C16435 46.84E+06 ± 8.59E+06 74.92E+06 ± 4.57E+06 9.74 0.03 South Bay, VA 
Adenosine-5-Monophosphate C00020 5.87E+04 ± 2.20E+04 32.22E+04 ± 6.97E+04 9.73 0.03 South Bay, VA 




Table 10 continued 
Metabolite KEGG 
ID 
Dumas Bay WA 
Mean ± SE MS Peak Area 
South Bay VA 
Mean ± SE MS Peak Area 
F p Higher concentration 
L-Isoleucine C16434 1.41E+06 ± 18.19E+04 2.77E+06 ± 35.80E+04 9.21 0.03 South Bay, VA 
L-Tyrosine C01536 28.04E+04 ± 43.56E+02 47.13E+04 ± 5.62E+04 8.22 0.04 South Bay, VA 
L.DOPA C00355 39.15E+04 ± 10.68E+04 3.69E+06 ± 72.90E+04 9.05 0.04 South Bay, VA 
3-Hydroxykynurenine C02794 7.02E+04 ± 1.69E+04 19.42E+04 ± 3.83E+04 6.82 0.05 South Bay, VA 
-Ketoglutaric Acid C00026 6.06E+04 ± 27.71E+02 11.03E+04 ± 1.65E+04 6.41 0.05 South Bay, VA 
L-Sorbose C00247 8.06E+06 ± 88.34E+04 18.85E+06 ± 3.73E+06 5.83 0.06 South Bay, VA 
Salicylate C00805 25.02E+02 ± 7.96E+02 6.99E+04 ± 2.37E+04 5.78 0.06 South Bay, VA 
Fructose C00095 13.02E+06 ± 1.54E+06 32.97E+06 ± 7.02E+06 5.64 0.06 South Bay, VA 
L-Glutamine C00303 18.46E+06 ± 9.55E+06 54.51E+06 ± 11.13E+06 5.47 0.07 South Bay, VA 
Monoshaccharides, Hexoses  61.80E+04 ± 4.49E+04 98.34E+04 ± 13.27E+04 5.12 0.07 South Bay, VA 
5-Oxo-L-Proline C01879 11.23E+06 ± 4.36E+06 27.71E+06 ± 5.33E+06 5.11 0.07 South Bay, VA 
Fisetin C10041 80.10E+06 ± 5.36E+06 98.82E+06 ± 5.89E+06 5.10 0.07 South Bay, VA 
Glutamic Acid C00025 8.71E+06 ± 1.20E+06 15.68E+06 ± 2.57E+06 4.73 0.08 South Bay, VA 
Sugars, Alcohol, Pentoses  83.83E+02 ± 18.06E+02 1.39E+04 ± 18.22E+02 4.42 0.09 South Bay, VA 
Gallic Acid C01424 23.49E+02 ± 7.62E+02 52.66E+02 ± 10.73E+02 4.21 0.10 South Bay, VA 
Succinate C00042 13.28E+04 ± 1.81E+04 20.83E+04 ± 2.86E+04 4.15 0.10 South Bay, VA 
5-Methylthioadenosine C00170 2.62E+04 ± 1.08E+04 8.08E+04 ± 2.14E+04 4.11 0.10 South Bay, VA 
S--Phenylethanol C07112 48.96E+04 ± 3.52E+04 80.18E+04 ± 13.17E+04 3.88 0.11 South Bay, VA 
L-Pipecolic Acid C00408 95.68E+04 ± 6.52E+04 1.38E+06 ± 18.17E+04 3.71 0.11 South Bay, VA 
Luteolin C01514 3.72E+06 ± 1.47E+06 7.19E+06 ± 1.29E+06 3.12 0.14 South Bay, VA 
D-Malic-Acid C00497 2.43E+06 ± 85.22E+04 5.12E+06 ± 1.23E+06 2.73 0.16 South Bay, VA 
D-Mannose C00159 53.57E+04 ± 3.74E+04 75.02E+04 ± 10.90E+04 2.61 0.17 South Bay, VA 
Pyridoxine C00314 11.70E+04 ± 2.41E+04 15.62E+04 ± 1.17E+04 2.56 0.17 South Bay, VA 
S-Malate C00711 3.31E+06 ± 1.07E+06 6.95E+06 ± 1.86E+06 2.34 0.19 South Bay, VA 
Trigonelline C01004 7.09E+06 ± 2.27E+06 10.31E+06 ± 99.40E+04 2.08 0.21 South Bay, VA 
Mandelic Acid C01984 1.82E+04 ± 41.11E+02 3.52E+04 ± 1.01E+04 1.89 0.23 South Bay, VA 





Table 10 continued 
Metabolite KEGG 
ID 
Dumas Bay WA  
Mean ± SE MS Peak Area 
South Bay VA  
Mean ± SE MS Peak Area 
F p Higher concentration 
3-Aminoisobutanoate C05145 2.32E+04 ± 27.27E+02 3.49E+04 ± 74.17E+02 1.67 0.25 South Bay, VA 
N-Acetyl-D-Tryptophan C03137 1.12E+04 ± 39.55E+02 22.26E+04 ± 14.67E+04 1.48 0.28 South Bay, VA 
3-Amino-5-Hydroxybenzoic 
Acid 
C12107 3.78E+04 ± 60.36E+02 5.52E+04 ± 1.20E+04 1.33 0.30 South Bay, VA 
Xylitol C00379 7.99E+04 ± 1.90E+04 10.07E+04 ± 1.03E+04 1.08 0.35 South Bay, VA 
L-Valine C00183 4.33E+06 ± 2.19E+06 7.29E+06 ± 1.92E+06 1.03 0.36 South Bay, VA 
Leucine C16439 44.94E+04 ± 8.92E+04 53.67E+04 ± 4.00E+04 0.98 0.37 South Bay, VA 
Uridine C00299 5.69E+04 ± 99.28E+02 7.03E+04 ± 93.64E+02 0.93 0.38 South Bay, VA 
Galactonic Acid C00880 59.85E+04 ± 26.28E+04 79.71E+04 ± 4.46E+04 0.77 0.42 South Bay, VA 
3-Amino-4-Hydroxybenzoic 
Acid 
C12115 4.66E+04 ± 2.06E+04 6.38E+04 ± 87.54E+02 0.73 0.43 South Bay, VA 
L-Phenylalanine C02057 73.54E+04 ± 7.22E+04 99.61E+04 ± 26.35E+04 0.67 0.45 South Bay, VA 
6-Phosphogluconic Acid C00345 5.00E+04 ± 58.99E+02 6.33E+04 ± 1.60E+04 0.46 0.53 South Bay, VA 
2-6-Dihydroxypyridine C03056 6.49E+04 ± 1.26E+04 8.19E+04 ± 2.24E+04 0.35 0.58 South Bay, VA 
Fumarate C00122 18.25E+04 ± 3.90E+04 20.79E+04 ± 2.70E+04 0.31 0.60 South Bay, VA 
Monosaccharides Pentoses  9.74E+04 ± 90.09E+02 10.81E+04 ± 1.81E+04 0.22 0.66 South Bay, VA 
Deoxy-Hexoses  70.73E+02 ± 10.30E+02 82.95E+02 ± 23.56E+02 0.18 0.69 South Bay, VA 
4-Aminobutanoate (GABA) C00334 32.04E+04 ± 49.08E+02 39.00E+04 ± 14.84E+04 0.16 0.71 South Bay, VA 
4-Guanidinobutanoate C01035 5.41E+04 ± 2.22E+04 6.27E+04 ± 1.31E+04 0.13 0.73 South Bay, VA 
Arabitol C01904 42.47E+04 ± 3.60E+04 45.17E+04 ± 6.94E+04 0.10 0.77 South Bay, VA 
Sugars, Alcohol, Hexoses  75.83E+02 ± 17.26E+02 80.87E+02 ± 8.58E+02 0.08 0.79 South Bay, VA 
D-Trehalose C01083 1.13E+06 ± 31.01E+04 1.18E+06 ± 8.40E+04 0.03 0.88 South Bay, VA 
Creatinine C00791 3.48E+04 ± 67.41E+02 3.62E+04 ± 1.14E+04 0.01 0.93 South Bay, VA 
3-2-Hydroxyphenyl Propanoate C01198 80.47E+02 ± 18.64E+02 82.21E+02 ± 14.71E+02 0.01 0.94 South Bay, VA 
D-Gulonic Acid, -Lactone C01040 2.92E+04 ± 42.98E+02 2.95E+04 ± 69.92E+02 0.00 0.97 South Bay, VA 




Metabolites involved in biotic/abiotic stress responses were elevated in both populations 
at low [CO2] (107 µmol CO2·Kg
-1SW).  However, the abundance of the photorespiratory 
metabolites glycerate, glycerate 3-P and succinate semialdehyde (GABA shunt) were higher in 
DBW leaves than in SBV leaves (Fig. 14 B, Table 10).  The increase in succinate semialdehyde 
abundance under low [CO2] in DBW could represent another potential stress response as the 
GABA shunt may help prevent the accumulation of reactive oxygen intermediates (Vergeer et al. 
1995, Shelp et al. 1999, Bouché et al. 2003, Singh & Christendat 2006).  SBV plants growing 
under low [CO2] (107 µmol CO2·Kg
-1 SW) had higher abundance of proline and the sugar 
alcohol myo-inositol (Fig.14b, Table 10) which are known to generate protein stabilizing 
osmolytes, such as di-myo-inositol phosphate that may help protect this population from heat 





Figure 14.  Representation of the main metabolic pathways of Z. marina from South Bay VA and 
Dumas Bay WA in response to high and low CO2 concentrations.  Only identified metabolites 
are represented in the diagram.  Significant changes in any of the metabolite comparisons are 
represented in bold typeface.  Colored boxes below metabolite names represent the result of 
each of the comparisons after one-way ANOVA.  Each letter within each box represent a 
different comparison: (a) South Bay vs. Dumas Bay plants growing at high CO2 (823 µmol CO2 
Kg-1SW). (b) South Bay vs. Dumas Bay plants growing at low CO2 (107 µmol CO2 Kg
-1SW).  
For a and b, blue and orange colors indicate higher relative abundance in Dumas Bay and South 
Bay plants, respectively.  (c) Highest vs. ambient CO2 conditions (2121vs 55 µmol CO2 Kg
-1SW) 
plants from South Bay.  (d) High vs. low CO2 conditions (823vs 107 µmol CO2 Kg
-1SW) plants 
from Dumas Bay.  For (c) and (d), blue and orange color indicate higher relative abundance of 
metabolites in plants growing at high CO2 [2121µmol CO2 Kg
-1SW in (c), 823µmol CO2 Kg
-
1SWin (d)] and ambient or low CO2 (55µmol CO2 Kg







Metabolomic Response of Eelgrass: South Bay comparison across CO2 treatments  
The SBV plants were grown in three plastic containers in each aquarium, enabling the 
examination of their metabolomic responses to different [CO2] in some detail.  Of the 
approximately 5,000 metabolites detected, 455 (9%) were positively correlated to [CO2] and 408 
(8.1%) were negatively correlated to [CO2].  To date, only 131 of those responsive metabolites 
have been positively identified.  Experimental CO2 enrichment elevated the concentration of 
intermediates associated with carbon fixation and amino acid synthesis, as well as sucrose, the 
latter which is consistent with prior experimental findings (Palacios & Zimmerman 2007, 
Zimmerman et al. 2017).  PCA clustered the SBV plants growing at the highest [CO2] (2121 
µmol CO2·Kg
-1 SW) well away from the rest along  PC1 which explained 30% of the total 
variability (Fig. 13B) and these differences were statistically significant (PERMANOVA p< 
0.05, Table 8).  The other CO2 enrichment treatments all clustered near the lower left corner of 
the PCA space (Fig. 13B), although the ambient CO2 treatment (no CO2 addition) was separated 
from the rest along PC2.  The most drastic overall metabolome change was between the highest 
(2121 µmol CO2·Kg
-1 SW) and the ambient (55µmol CO2·Kg
-1 SW) [CO2] (Figure 15), 
consistent with the negative log-linear relationship between [CO2] and whole plant performance 
(Figs. 4 to 7).  We detected higher abundance of glutamate in SBV plants under highest [CO2] 
(Fig.14c, Table 12) which is involved in nitrogen assimilation (Forde & Lea 2007) required for 
growth.  In addition, CO2 enhancement of gluconate 6-P (Fig. 14c, Table 12) suggests activation 
of the pentose phosphate pathway (Tabita & McFadden 1972) that leads to the synthesis of 
aromatic amino acids such as phenylalanine; another critical compound in protein synthesis as 





Figure 15.  South Bay metabolomic distances (Mean ± Confidence Intervals 95%) between 
plants growing at ambient CO2 (55µmol CO2·Kg
-1SW) and plants higher CO2 concentrations 
(2121,823, 370, and 107µmol CO2·Kg
-1SW). Fisher’s F and p value of the one-way ANOVA 
comparing the distances are indicated. 
 
 
Table 11.  Summary PERMANOVA results for effects of [CO2] on leaf metabolites for South 
Bay VA and Dumas Bay WA separately. 
 Source df Sum of Squares Mean Square F p 
All CO2 SBV [CO2] 1 1.59 x 10
17 1.59 x 1017 5.53 <0.001* 
All CO2DB [CO2] 1 7.77 x 10





Table 12.  ANOVA CO2 treatment comparison of relative abundance (i.e., MS peak area) and standard error of South Bay eelgrass.  
Highest CO2 (2121 µmol CO2 Kg
-1SW), Ambient CO2 (55 µmol CO2 Kg
-1SW). 
Metabolite KEGG ID Highest CO2 
Mean ± SE MS Peak Area 
Ambient CO2 
Mean ± SE MS Peak Area 
F p Higher concentration 
L.DOPA C00355 5.13E+06 ± 47.79E+04 1.07E+06 ± 5.46E+04 51.16 < 0.01 Highest CO2 
Monosaccharides, Pentoses  16.82E+04 ± 52.20E+02 12.91E+04 ± 28.38E+02 35.02 < 0.01 Highest CO2 
Linoleic Acid C01595 26.87E+04 ± 1.92E+04 11.49E+04 ± 1.68E+04 33.28 < 0.01 Highest CO2 
Caffeic Acid C01197 2.27E+06 ± 11.85E+04 1.08E+06 ± 19.73E+04 30.12 < 0.01 Highest CO2 
Galactonic Acid C00880 1.21E+06 ± 6.58E+04 73.40E+04 ± 5.07E+04 28.53 < 0.01 Highest CO2 
Rosmarinic Acid C01850 7.14E+06 ± 94.33E+04 1.42E+06 ± 33.84E+04 24.66 < 0.01 Highest CO2 
Myo-Inositol C00137 78.23E+06 ± 6.55E+06 42.65E+06 ± 1.17E+06 20.75 0.01 Highest CO2 
D-Mannose C00159 1.58E+06 ± 19.49E+04 83.71E+04 ± 1.93E+04 10.42 0.02 Highest CO2 
L-Phenylalanine C02057 8.82E+06 ± 1.72E+06 2.61E+06 ± 8.03E+04 9.30 0.03 Highest CO2 
L-Sorbose C00247 46.69E+06 ± 7.63E+06 20.50E+06 ± 1.33E+06 8.30 0.03 Highest CO2 
Glutamic Acid (Glutamate) C00025 29.48E+06 ± 6.07E+06 8.98E+06 ± 1.10E+06 8.02 0.04 Highest CO2 
Fructose C00095 76.32E+06 ± 11.71E+06 36.77E+06 ± 2.67E+06 7.94 0.04 Highest CO2 
Xylitol C00379 22.79E+04 ± 3.26E+04 11.71E+04 ± 1.47E+04 7.48 0.04 Highest CO2 
D-Arabinose C00216 31.37E+04 ± 5.80E+04 12.54E+04 ± 97.67E+02 7.42 0.04 Highest CO2 
Trigonelline C01004 14.13E+06 ± 1.02E+06 7.81E+06 ± 2.43E+06 7.17 0.04 Highest CO2 
6.Phosphogluconic.Acid (Gluconate 6P) C00345 72.25E+04 ± 20.81E+04 7.51E+04 ± 3.12E+04 6.84 0.05 Highest CO2 
Luteolin C01514 8.12E+06 ± 1.51E+06 3.38E+06 ± 53.98E+04 6.60 0.05 Highest CO2 
Creatine C00300 4.31E+04 ± 1.31E+04 55.22E+02 ± 15.97E+02 5.88 0.06 Highest CO2 
N--N--N--Trimethyl Lysine C03793 4.58E+04 ± 82.91E+02 1.84E+04 ± 97.15E+02 4.61 0.08 Highest CO2 
N-Acetyl-D-Tryptophan C03137 2.86E+04 ± 45.99E+02 1.78E+04 ± 9.11E+02 3.87 0.11 Highest CO2 
Resorcinol Monoacetate C12064 3.84E+04 ± 29.14E+02 2.75E+04 ± 53.68E+02 3.73 0.11 Highest CO2 
5-Oxo-L-Proline C01879 24.76E+06 ± 6.37E+06 10.12E+06 ± 3.43E+06 3.30 0.13 Highest CO2 
1-Aminocyclopropane-1-Carboxylate C01234 8.02E+06 ± 2.74E+06 2.21E+06 ± 1.05E+06 3.00 0.14 Highest CO2 









Mean ± SE MS Peak 
Area 
Ambient CO2 
Mean ± SE MS Peak 
Area 
F p Higher concentration 
D-Trehalose C01083 2.52E+06 ± 58.08E+04 1.37E+06 ± 9.53E+04 2.73 0.16 Highest CO2 
L-Glutamine C00303 40.99E+06 ± 10.35E+06 18.69E+06 ± 8.50E+06 2.48 0.18 Highest CO2 
Deoxy-Hexoses  1.56E+04 ± 29.60E+02 99.06E+02 ± 16.73E+02 2.29 0.19 Highest CO2 
Creatinine C00791 4.13E+04 ± 81.63E+02 2.71E+04 ± 6.14E+02 2.17 0.20 Highest CO2 
L-Threonine C00188 17.80E+04 ± 1.02E+04 15.95E+04 ± 59.01E+02 2.00 0.22 Highest CO2 
4-Hydroxybenzaldehyde C00633 10.41E+04 ± 3.44E+04 5.41E+04 ± 1.99E+04 1.29 0.31 Highest CO2 
S-1-Phenylethanol C07112 74.30E+04 ± 20.39E+04 48.61E+04 ± 5.36E+04 1.10 0.34 Highest CO2 
L-Valine C00183 4.71E+06 ± 1.00E+06 3.49E+06 ± 29.82E+04 1.02 0.36 Highest CO2 
Turanose C19636 2.56E+06 ± 75.49E+04 1.69E+06 ± 10.71E+04 0.95 0.37 Highest CO2 
L-Serine C00716 42.49E+04 ± 15.27E+04 23.76E+04 ± 8.37E+04 0.93 0.38 Highest CO2 
Pyruvic Aldehyde C00546 18.07E+04 ± 3.84E+04 13.58E+04 ± 1.61E+04 0.90 0.39 Highest CO2 
L-Asparagine C16438 23.63E+04 ± 3.78E+04 16.61E+04 ± 7.39E+04 0.85 0.40 Highest CO2 
Arabitol C01904 60.18E+04 ± 9.25E+04 52.83E+04 ± 1.93E+04 0.44 0.54 Highest CO2 
Shikimate C00493 17.18E+04 ± 2.09E+04 14.15E+04 ± 5.84E+04 0.31 0.60 Highest CO2 
Monoshaccharides, Hexoses  1.13E+06 ± 25.53E+04 96.21E+04 ± 9.44E+04 0.27 0.62 Highest CO2 
Succinate Semialdehyde C00232 42.20E+02 ± 3.68E+02 39.65E+02 ± 5.07E+02 0.18 0.69 Highest CO2 
Aspartate C00049 81.66E+04 ± 13.85E+04 73.31E+04 ± 17.10E+04 0.15 0.72 Highest CO2 
Salicylate C00805 2.03E+04 ± 52.65E+02 1.75E+04 ± 65.44E+02 0.12 0.75 Highest CO2 
3.Aminoisobutanoate C05145 3.06E+04 ± 23.08E+02 2.93E+04 ± 78.47E+02 0.03 0.86 Highest CO2 
Succinate C00042 17.01E+04 ± 43.32E+02 16.81E+04 ± 1.70E+04 0.02 0.90 Highest CO2 
L-Isoleucine C16434 6.76E+06 ± 55.15E+04 6.63E+06 ± 1.03E+06 0.01 0.91 Highest CO2 
3,2-Hydroxyphenyl 
Propanoate 
C01198 1.04E+04 ± 5.95E+02 1.03E+04 ± 8.24E+02 0.01 0.94 Highest CO2 
       
Cytosine C00380 3.16E+04 ± 44.55E+02 30.85E+04 ± 82.01E+02 1024.49 < 0.01 Ambient CO2 




Table 12 continued 
Metabolite KEGG ID Highest CO2 
Mean ± SE MS Peak Area 
Ambient CO2 
Mean ± SE MS Peak Area 
F p Higher concentration 
Thymine C00178 1.50E+04 ± 20.81E+02 8.47E+04 ± 39.04E+02 290.69 < 0.01 Ambient CO2 
D-Glucuronolactone C00191 4.05E+04 ± 29.29E+02 10.25E+04 ± 23.42E+02 242.38 < 0.01 Ambient CO2 
2-Aminophenol C01987 19.60E+04 ± 5.29E+04 1.13E+06 ± 21.53E+02 224.37 < 0.01 Ambient CO2 
Urocanate C00785 55.89E+02 ± 14.91E+02 4.67E+04 ± 25.17E+02 223.84 < 0.01 Ambient CO2 
Adenosine C00212 31.89E+04 ± 16.43E+04 10.61E+06 ± 79.52E+04 220.62 < 0.01 Ambient CO2 
2-Hydroxypyridine C02502 19.71E+04 ± 3.44E+04 1.31E+06 ± 7.92E+04 204.94 < 0.01 Ambient CO2 
Guanine C00242 5.34E+04 ± 38.76E+02 55.92E+04 ± 4.55E+04 174.26 < 0.01 Ambient CO2 
3-Amino-4-Hydroxybenzoic Acid C12115 1.34E+04 ± 39.38E+02 10.72E+04 ± 65.62E+02 169.69 < 0.01 Ambient CO2 
5-Methylthioadenosine C00170 2.70E+04 ± 6.58E+02 22.55E+04 ± 1.10E+04 575.99 < 0.01 Ambient CO2 
Pyridoxine C00314 7.89E+04 ± 1.21E+04 24.94E+04 ± 1.04E+04 103.07 < 0.01 Ambient CO2 
D-Pantothenic-Acid C00864 1.43E+04 ± 33.91E+02 9.83E+04 ± 89.01E+02 98.50 < 0.01 Ambient CO2 
Eriodictyol C05631 1.54E+02 ± 9.27E+00 6.90E+02 ± 27.38E+00 513.31 < 0.01 Ambient CO2 
N-Acetyl-L-Alanine C01073 1.12E+04 ± 14.02E+02 3.91E+04 ± 28.20E+02 94.20 < 0.01 Ambient CO2 
Nicotinamide C00153 67.28E+04 ± 3.45E+04 1.23E+06 ± 4.90E+04 93.67 < 0.01 Ambient CO2 
4-Hydroxy-L-Phenylglycine Pyridoxal CA1445 7.51E+04 ± 1.65E+04 25.55E+04 ± 59.20E+02 80.58 < 0.01 Ambient CO2 
Hypoxanthine C00262 66.08E+02 ± 19.69E+02 3.32E+04 ± 22.32E+02 79.25 < 0.01 Ambient CO2 
Tyramine C00483 4.37E+04 ± 41.78E+02 10.22E+04 ± 56.21E+02 73.64 < 0.01 Ambient CO2 
Histamine C00388 1.69E+04 ± 44.53E+02 9.10E+04 ± 15.14E+02 120.80 < 0.01 Ambient CO2 
Salsolinol C09642 2.12E+04 ± 35.26E+02 6.81E+04 ± 50.90E+02 61.97 < 0.01 Ambient CO2 
Maleamate C01596 2.58E+04 ± 12.88E+02 4.86E+04 ± 30.21E+02 59.59 < 0.01 Ambient CO2 
Glyceraldehyde C02154 25.41E+04 ± 1.13E+04 49.55E+04 ± 3.70E+04 51.31 < 0.01 Ambient CO2 
Glutaric Acid C00489 6.24E+04 ± 55.75E+02 12.46E+04 ± 76.44E+02 45.90 < 0.01 Ambient CO2 
1,2-Phenylenediamine C14402 2.57E+04 ± 84.42E+02 10.08E+04 ± 83.99E+02 37.78 < 0.01 Ambient CO2 
Naringenin C00509 1.60E+02 ± 71.44E+00 6.76E+02 ± 13.09E+00 36.53 < 0.01 Ambient CO2 
3-Amino-5-Hydroxybenzoic Acid C12107 2.12E+04 ± 22.92E+02 4.87E+04 ± 45.66E+02 34.24 < 0.01 Ambient CO2 




Table 12 continued 
Metabolite KEGG ID Highest CO2 
Mean ± SE MS Peak Area 
Ambient CO2 
Mean ± SE MS Peak Area 
F p Higher concentration 
Adenosine-5-Monophosphate C00020 6.31E+04 ± 1.86E+04 23.51E+04 ± 2.44E+04 32.89 < 0.01 Ambient CO2 
6-Hydroxynicotinate C01020 94.13E+02 ± 23.22E+02 5.99E+04 ± 1.02E+04 31.92 < 0.01 Ambient CO2 
1-Methyladenine C02216 2.68E+04 ± 55.05E+02 6.86E+04 ± 48.00E+02 29.85 < 0.01 Ambient CO2 
D-Gulonic Acid, -Lactone C01040 2.17E+04 ± 14.34E+02 3.13E+04 ± 9.96E+02 25.68 < 0.01 Ambient CO2 
Sugars, Alcohol, Pentoses  33.23E+02 ± 5.33E+02 1.14E+04 ± 17.49E+02 25.60 < 0.01 Ambient CO2 
Amino-Sugars  1.77E+04 ± 60.08E+02 8.69E+04 ± 1.43E+04 24.61 < 0.01 Ambient CO2 
Citrate C00158 1.88E+06 ± 25.22E+04 3.93E+06 ± 35.57E+04 23.57 < 0.01 Ambient CO2 
Leucine C16439 48.82E+04 ± 5.98E+04 89.47E+04 ± 6.07E+04 21.76 0.01 Ambient CO2 
Glycerol-3-Phosphate C00093 63.35E+04 ± 18.22E+04 1.53E+06 ± 3.40E+04 16.93 0.01 Ambient CO2 
5-Methylcytosine-Hydrocloride C02376 47.54E+02 ± 10.19E+02 3.37E+04 ± 92.60E+02 13.66 0.01 Ambient CO2 
4-Acetamidobutanoate (GABA) C02946 5.77E+04 ± 1.41E+04 12.22E+04 ± 92.67E+02 12.23 0.02 Ambient CO2 
-Ketoglutaric Acid C00026 5.85E+04 ± 53.78E+02 11.31E+04 ± 1.84E+04 10.79 0.02 Ambient CO2 
Pyruvate C00022 4.19E+04 ± 61.45E+02 6.68E+04 ± 28.93E+02 10.59 0.02 Ambient CO2 
Mandelic Acid C01984 78.07E+02 ± 11.74E+02 2.11E+04 ± 46.46E+02 10.30 0.02 Ambient CO2 
4-Guanidinobutanoate C01035 1.27E+04 ± 78.72E+02 4.33E+04 ± 24.89E+02 10.27 0.02 Ambient CO2 
Pyridoxamine C00534 2.61E+04 ± 1.10E+04 7.83E+04 ± 1.20E+04 10.17 0.02 Ambient CO2 
N-Acetylglycine CA1212 4.90E+04 ± 1.34E+04 9.87E+04 ± 51.12E+02 9.12 0.03 Ambient CO2 
Nicotinate Picolinic Acid C00253 2.28E+04 ± 15.19E+02 4.77E+04 ± 98.05E+02 8.82 0.03 Ambient CO2 
-Aminoadipate C00956 4.69E+04 ± 1.16E+04 15.62E+04 ± 4.35E+04 7.90 0.04 Ambient CO2 
4-Aminobutanoate (GABA) C00334 80.28E+04 ± 24.67E+04 2.48E+06 ± 63.52E+04 7.61 0.04 Ambient CO2 
Acetoacetate C00164 3.74E+04 ± 35.81E+02 5.55E+04 ± 64.98E+02 6.92 0.05 Ambient CO2 
Galactitol C01697 49.38E+02 ± 5.95E+02 1.52E+04 ± 49.40E+02 5.95 0.06 Ambient CO2 
O-Succinyl-L-Homoserine C01118 18.84E+04 ± 1.98E+04 49.28E+04 ± 15.12E+04 5.59 0.06 Ambient CO2 
Hexoses, Phosphate  2.15E+04 ± 12.30E+02 5.16E+04 ± 1.54E+04 5.42 0.07 Ambient CO2 





Table 12 continued 
Metabolite KEGG ID Highest CO2 
Mean ± SE MS Peak Area 
Ambient CO2 
Mean ± SE MS Peak Area 
F p Higher concentration 
3-Dehydroshikimate C02637 43.51E+02 ± 8.57E+02 72.92E+02 ± 10.74E+02 4.71 0.08 Ambient CO2 
Fumarate C00122 18.37E+04 ± 2.16E+04 26.64E+04 ± 3.39E+04 4.69 0.08 Ambient CO2 
Uracil C00106 8.64E+04 ± 2.49E+04 15.17E+04 ± 87.87E+02 4.62 0.08 Ambient CO2 
D-Lyxosylamine  1.58E+06 ± 22.53E+04 2.26E+06 ± 20.14E+04 4.56 0.09 Ambient CO2 
Rs-Mevalonic Acid C00418 21.90E+02 ± 2.27E+02 1.01E+04 ± 45.29E+02 4.34 0.09 Ambient CO2 
2-6-Dihydroxypyridine C03056 3.85E+04 ± 1.26E+04 7.14E+04 ± 61.08E+02 4.33 0.09 Ambient CO2 
Disaccharides  1.49E+06 ± 28.29E+04 2.21E+06 ± 12.14E+04 4.30 0.09 Ambient CO2 
L-Tyrosine C01536 42.20E+04 ± 4.82E+04 90.44E+04 ± 30.01E+04 3.51 0.12 Ambient CO2 
4-Hydroxy-L-Proline C01157 2.26E+04 ± 50.59E+02 3.48E+04 ± 66.18E+02 2.24 0.19 Ambient CO2 
L-Alanine C00041 98.89E+04 ± 5.06E+04 1.09E+06 ± 4.54E+04 2.06 0.21 Ambient CO2 
Quinoline C06413 6.69E+04 ± 1.94E+04 10.29E+04 ± 1.59E+04 1.84 0.23 Ambient CO2 
D-Malic Acid C00497 1.88E+06 ± 13.19E+04 2.93E+06 ± 97.64E+04 1.60 0.26 Ambient CO2 
Uridine C00299 54.42E+02 ± 16.16E+02 1.15E+04 ± 54.23E+02 1.51 0.27 Ambient CO2 
Fisetin C10041 84.56E+06 ± 6.70E+06 93.98E+06 ± 4.67E+06 1.14 0.34 Ambient CO2 
Glyceric Acid C00258 14.12E+04 ± 3.54E+04 18.07E+04 ± 2.06E+04 0.76 0.42 Ambient CO2 
Dehydroascorbate C05422 1.33E+06 ± 19.49E+04 1.49E+06 ± 11.31E+04 0.42 0.54 Ambient CO2 
L-Pipecolic Acid C00408 93.99E+04 ± 13.27E+04 1.12E+06 ± 26.31E+04 0.42 0.54 Ambient CO2 
Adenine C00147 1.59E+06 ± 47.21E+04 1.92E+06 ± 26.07E+04 0.30 0.60 Ambient CO2 
3-Hydroxykynurenine C02794 6.24E+04 ± 2.10E+04 7.81E+04 ± 2.37E+04 0.24 0.64 Ambient CO2 
3-Methoxytyramine C05587 4.04E+04 ± 63.19E+02 4.56E+04 ± 1.24E+04 0.17 0.70 Ambient CO2 
Azelaic Acid C08261 49.95E+02 ± 22.87E+02 57.68E+02 ± 3.73E+02 0.08 0.79 Ambient CO2 
N-Acetyl-D-l-Glutamic Acid C00624 2.53E+06 ± 51.14E+04 2.82E+06 ± 1.05E+06 0.08 0.80 Ambient CO2 
N--Acetyl-L-Lysine C12989 4.15E+04 ± 1.32E+04 4.57E+04 ± 67.02E+02 0.06 0.81 Ambient CO2 
Gallic Acid C01424 46.84E+02 ± 10.44E+02 49.65E+02 ± 6.04E+02 0.04 0.84 Ambient CO2 





Table 12 continued 
Metabolite KEGG ID Highest CO2 
Mean ± SE MS Peak Area 
Ambient CO2 
Mean ± SE MS Peak Area 
F p Higher concentration 
Sucrose C00089 1.16E+08 ± 15.23E+06 1.18E+08 ± 9.18E+06 0.00 0.95 Ambient CO2 
Formononetin C00858 19.92E+02 ± 2.86E+02 20.15E+02 ± 7.69E+02 0.00 0.98 Ambient CO2 
Palmitic Acid C00249 2.34E+06 ± 33.78E+04 2.34E+06 ± 5.60E+04 0.00 1.00 Ambient CO2 





SBV plants exposed to ambient [CO2] produced higher abundance of TCA cycle 
intermediates (Fig. 14c) such as citrate, α-ketoglutarate, pyruvate and GABA (Table 12).  
However, no differences were found in dark respiration rates across different [CO2] treatments or 
between eelgrass populations (Fig. 9, Table 4), suggesting that the increases of TCA Cycle 
metabolites in plants under ambient [CO2] may have been diverted to other metabolic pathways 
(e.g. Shikimate) rather than enhancing respiratory ATP production.  Although depriving the plant 
of potential energy for growth, such diversion leads to the synthesis of secondary compounds 
with diverse physiological roles, such as cell signaling, production of stress-related compounds 
and the formation of metabolites associated with the biosynthesis of polyphenols (Weaver & 
Herrmann 1997). Studies have reported accumulation of α-ketoglutarate under oxidative stress in 
Z. marina (Hasler-Sheetal et al. 2015) and rice (Miro & Ismail 2013).  Exposing the 
Mediterranean seagrass Cymodocea nodosa to a small range of CO2 conditions revealed up-
regulation of genes coding for respiratory metabolism, increasing energetic demand for 
biosynthesis and stress-related processes under similar ambient [CO2] (pH 7.8/ [CO2] 43 µmol 
Kg-1 SW) (Ruocco et al. 2017).  Quantifying this diversion of respiratory intermediates to other 
pathways may provide a means for calculating the energetic cost of the physiological stress 
response to growth and reproductive output. 
Metabolomic Response of Eelgrass: Dumas Bay comparison between high and low CO2 
The two [CO2] treatments for DBW plants clustered in different regions along PC1 (Fig. 
13C) but PERMANOVA suggests the differences were not significant (Table 11).  Of the 
approximately 5,000 metabolites detected in DBW, individual ANOVAS showed 1167 
metabolic features that changed significantly between [CO2].  So far, 132 metabolites were 
identified, 8 (6.06%) were upregulated under high [CO2] (823 µmol CO2 Kg




were upregulated under low [CO2] (107 µmol CO2 Kg
-1SW).  Under low [CO2], DBW plants 
accumulated α-ketoglutarate, succinate, glutamate and glycerate 3-P (Fig. 14d, Table 13) again 
suggesting activation of the GABA shunt as a way to mitigate stress (Hasler-Sheetal et al. 2015).  
High [CO2] (823 µmol CO2·Kg
-1 SW) stimulated the abundance of shikimate and proline (Fig 




Table 13.  ANOVA CO2 treatment comparison of relative abundance (i.e., MS peak area) and standard error of Dumas Bay eelgrass. 
High CO2 (823 µmol CO2 KgSW
-1), Low CO2 (107 µmol CO2 KgSW
-1). 
Metabolite KEGG ID High CO2 
Mean ± SE MS Peak Area 
Low CO2 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
D-Glucosamine-6-Suflate C02827 5.31E+04 ± 4.74E+02 77.86E+02 ± 1.80E+02 7969.16 <0.01 High CO2 
4-Hydroxybenzaldehyde C00633 41.61E+02 ± 1.88E+02 11.03E+02 ± 3.06E+02 72.33 <0.01 High CO2 
Acetoacetate C00164 6.94E+04 ± 17.89E+02 5.17E+04 ± 15.66E+02 55.09 <0.01 High CO2 
S-1-Phenylethanol C07112 74.09E+04 ± 3.37E+04 48.96E+04 ± 3.52E+04 26.59 0.01 High CO2 
Shikimate C00493 66.48E+04 ± 7.94E+04 28.77E+04 ± 2.28E+04 20.85 0.01 High CO2 
Gallic Acid C01424 69.77E+02 ± 8.10E+02 23.49E+02 ± 7.62E+02 17.31 0.01 High CO2 
L-Proline C16435 79.17E+06 ± 2.13E+06 46.84E+06 ± 8.59E+06 13.33 0.02 High CO2 
D-Arabinose C00216 78.30E+04 ± 62.38E+02 69.28E+04 ± 3.15E+04 7.88 0.05 High CO2 
Fisetin C10041 1.19E+08 ± 13.65E+06 80.10E+06 ± 5.36E+06 6.95 0.06 High CO2 
Salicylate C00805 55.13E+02 ± 8.60E+02 25.02E+02 ± 7.96E+02 6.60 0.06 High CO2 
Adenosine-5-Monophosphate C00020 12.59E+04 ± 2.09E+04 5.87E+04 ± 2.20E+04 4.88 0.09 High CO2 
Myo-Inositol C00137 47.75E+06 ± 5.72E+06 32.52E+06 ± 3.90E+06 4.84 0.09 High CO2 
Arabitol C01904 56.96E+04 ± 5.56E+04 42.47E+04 ± 3.60E+04 4.79 0.09 High CO2 
4-Aminobutanoate (GABA) C00334 35.74E+04 ± 1.62E+04 32.04E+04 ± 49.08E+02 4.78 0.09 High CO2 
L.-sorbose C00247 38.14E+06 ± 13.90E+06 8.06E+06 ± 88.34E+04 4.67 0.10 High CO2 
Sucrose C00089 1.26E+08 ± 6.37E+06 1.03E+08 ± 9.44E+06 4.19 0.11 High CO2 
Fructose C00095 56.19E+06 ± 22.86E+06 13.02E+06 ± 1.54E+06 3.55 0.13 High CO2 
D-Mannose C00159 1.85E+06 ± 72.02E+04 53.57E+04 ± 3.74E+04 3.33 0.14 High CO2 
Diethanolamine C06772 6.78E+04 ± 3.31E+04 75.22E+02 ± 39.43E+02 3.26 0.15 High CO2 
Phloroglucinol C02183 7.62E+06 ± 1.29E+06 5.25E+06 ± 45.37E+04 3.02 0.16 High CO2 
Succinate Semialdehyde C00232 1.16E+04 ± 30.63E+02 62.22E+02 ± 5.92E+02 2.99 0.16 High CO2 
D-Lyxosylamine  1.91E+06 ± 31.60E+04 1.33E+06 ± 12.64E+04 2.85 0.17 High CO2 
5-Methylthioadenosine C00170 4.48E+04 ± 22.82E+02 2.62E+04 ± 1.08E+04 2.85 0.17 High CO2 





Table 13 continued 
Metabolite KEGG ID High CO2 
Mean ± SE MS Peak Area 
Low CO2 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Rosmarinic Acid C01850 57.90E+04 ± 33.30E+04 4.21E+04 ± 2.40E+04 2.59 0.18 High CO2 
Monoshaccharides, Hexoses  1.86E+06 ± 77.52E+04 61.80E+04 ± 4.49E+04 2.55 0.19 High CO2 
Creatine C00300 81.76E+04 ± 47.44E+04 7.15E+04 ± 3.75E+04 2.46 0.19 High CO2 
L-Tyrosine C01536 35.30E+04 ± 4.75E+04 28.04E+04 ± 43.56E+02 2.32 0.20 High CO2 
Pyridoxine C00314 16.31E+04 ± 1.99E+04 11.70E+04 ± 2.41E+04 2.17 0.21 High CO2 
Monosaccharides Pentoses  12.64E+04 ± 1.84E+04 9.74E+04 ± 90.09E+02 2.00 0.23 High CO2 
4.Guanidinobutanoate C01035 22.37E+04 ± 11.96E+04 5.41E+04 ± 2.22E+04 1.94 0.24 High CO2 
L-Pipecolic-Acid C00408 1.49E+06 ± 37.59E+04 95.68E+04 ± 6.52E+04 1.94 0.24 High CO2 
Hypoxanthine C00262 15.34E+04 ± 6.12E+04 6.68E+04 ± 1.33E+04 1.91 0.24 High CO2 
Creatinine C00791 11.50E+04 ± 5.92E+04 3.48E+04 ± 67.41E+02 1.81 0.25 High CO2 
N-Acetyl-D-l-Glutamic Acid C00624 2.06E+06 ± 34.20E+04 1.40E+06 ± 37.90E+04 1.69 0.26 High CO2 
L-Valine C00183 13.72E+06 ± 7.03E+06 4.33E+06 ± 2.19E+06 1.63 0.27 High CO2 
Adenosine C00212 23.58E+04 ± 13.25E+04 7.69E+04 ± 1.04E+04 1.43 0.30 High CO2 
Pyruvic Aldehyde C00546 20.55E+04 ± 9.51E+04 10.21E+04 ± 1.06E+04 1.17 0.34 High CO2 
Caffeic Acid C01197 87.49E+04 ± 20.75E+04 65.42E+04 ± 4.94E+04 1.07 0.36 High CO2 
6-Phosphogluconic Acid C00345 7.33E+04 ± 2.22E+04 5.00E+04 ± 58.99E+02 1.03 0.37 High CO2 
Sugars, Alcohol, Hexoses  96.95E+02 ± 13.34E+02 75.83E+02 ± 17.26E+02 0.94 0.39 High CO2 
L-Isoleucine C16434 1.97E+06 ± 55.89E+04 1.41E+06 ± 18.19E+04 0.93 0.39 High CO2 
D-Pantothenic Acid C00864 10.41E+04 ± 3.41E+04 6.96E+04 ± 1.51E+04 0.86 0.41 High CO2 
Xylitol C00379 10.81E+04 ± 2.55E+04 7.99E+04 ± 1.90E+04 0.78 0.43 High CO2 
4-Hydroxy-L-Phenylglycine 
Pyridoxal 
CA1445 18.83E+04 ± 7.99E+04 12.21E+04 ± 47.18E+02 0.69 0.45 High CO2 
1-Aminocyclopropane-1-
Carboxylate 
C01234 2.29E+06 ± 12.23E+04 1.87E+06 ± 51.08E+04 0.63 0.47 High CO2 
S-Malate C00711 5.36E+06 ± 2.48E+06 3.31E+06 ± 1.07E+06 0.57 0.49 High CO2 





Table 13 continued 
Metabolite KEGG ID High CO2 
Mean ± SE MS Peak Area 
Low CO2 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
Galactitol C01697 84.07E+02 ± 20.09E+02 60.72E+02 ± 24.15E+02 0.55 0.50 High CO2 
3-Methoxytyramine C05587 5.19E+04 ± 9.72E+02 4.69E+04 ± 67.02E+02 0.53 0.51 High CO2 
D-Gulonic Acid, -Lactone C01040 3.69E+04 ± 1.04E+04 2.92E+04 ± 42.98E+02 0.47 0.53 High CO2 
D-Malic Acid C00497 3.48E+06 ± 1.49E+06 2.43E+06 ± 85.22E+04 0.38 0.57 High CO2 
Turanose C19636 1.60E+06 ± 18.61E+04 1.41E+06 ± 30.46E+04 0.28 0.63 High CO2 
Leucine C16439 54.55E+04 ± 16.48E+04 44.94E+04 ± 8.92E+04 0.26 0.63 High CO2 
L.DOPA C00355 52.57E+04 ± 23.02E+04 39.15E+04 ± 10.68E+04 0.19 0.69 High CO2 
Phenylacetic Acid C07086 41.63E+02 ± 23.39E+02 27.12E+02 ± 26.01E+02 0.17 0.70 High CO2 
3.Hydroxykynurenine C02794 8.44E+04 ± 3.04E+04 7.02E+04 ± 1.69E+04 0.17 0.70 High CO2 
Glutaric Acid C00489 11.32E+04 ± 2.64E+04 10.32E+04 ± 52.65E+02 0.14 0.73 High CO2 
Resorcinol Monoacetate C12064 88.44E+02 ± 29.12E+02 74.55E+02 ± 23.71E+02 0.14 0.73 High CO2 
Rs-Mevalonic Acid C00418 51.14E+02 ± 4.67E+02 46.72E+02 ± 12.80E+02 0.11 0.76 High CO2 
Mandelic Acid C01984 2.10E+04 ± 85.77E+02 1.82E+04 ± 41.11E+02 0.09 0.78 High CO2 
5-Methylcytosine Hydrochloride C02376 5.16E+04 ± 89.69E+02 4.92E+04 ± 43.70E+02 0.05 0.83 High CO2 
Nicotinamide C00153 1.11E+06 ± 6.34E+04 1.09E+06 ± 15.29E+04 0.02 0.89 High CO2 
L-Phenylalanine C02057 75.89E+04 ± 14.95E+04 73.54E+04 ± 7.22E+04 0.02 0.89 High CO2 
Naringenin C00509 22.80E+02 ± 9.49E+02 22.46E+02 ± 16.78E+02 0.00 0.99 High CO2 
       
-Ketoglutaric Acid C00026 1.09E+04 ± 29.89E+02 6.06E+04 ± 27.71E+02 148.52 <0.01 Low CO2 
D-3-Phosphoglyceric.Acid 
(Glycerate 3P) 
C00597 95.48E+02 ± 53.36E+02 7.63E+04 ± 78.57E+02 49.41 <0.01 Low CO2 
O-Succinyl-L-Homoserine C01118 22.50E+04 ± 2.74E+04 1.03E+06 ± 17.17E+04 21.50 0.01 Low CO2 
1-Methyladenine C02216 3.62E+04 ± 93.22E+02 7.93E+04 ± 52.28E+02 16.24 0.02 Low CO2 
Glutamic Acid (Glutamate) C00025 3.90E+06 ± 45.34E+04 8.71E+06 ± 1.20E+06 14.10 0.02 Low CO2 





Table 13 continued 
Metabolite KEGG ID High CO2 
Mean ± SE MS Peak Area 
Low CO2 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
N--Acetyl-L-Lysine C12989 3.50E+04 ± 84.95E+02 7.55E+04 ± 95.55E+02 10.04 0.03 Low CO2 
Maleamate C01596 3.00E+04 ± 51.71E+02 8.13E+04 ± 2.14E+04 5.42 0.08 Low CO2 
2-Hydroxypyridine C02502 77.64E+04 ± 7.79E+04 1.27E+06 ± 19.79E+04 5.36 0.08 Low CO2 
Pyruvate C00022 5.69E+04 ± 20.32E+02 7.38E+04 ± 69.77E+02 5.35 0.08 Low CO2 
Guanosine C00387 3.00E+04 ± 24.28E+02 5.57E+04 ± 1.11E+04 5.18 0.09 Low CO2 
Sugars, Alcohol, Pentoses  37.90E+02 ± 9.48E+02 83.83E+02 ± 18.06E+02 5.07 0.09 Low CO2 
Quinoline C06413 3.37E+04 ± 75.35E+02 4.99E+04 ± 16.23E+02 4.42 0.10 Low CO2 
3-Dehydroshikimate C02637 73.98E+02 ± 16.20E+02 1.16E+04 ± 11.51E+02 4.37 0.10 Low CO2 
N-Acetyl-L-Alanine C01073 2.98E+04 ± 3.52E+02 3.65E+04 ± 36.02E+02 3.45 0.14 Low CO2 
Hexoses. Phosphate  4.67E+04 ± 2.50E+04 11.35E+04 ± 2.73E+04 3.26 0.15 Low CO2 
N--Trimethyl Lysine C03793 13.64E+02 ± 46.86E+00 34.27E+02 ± 14.85E+02 3.46 0.16 Low CO2 
Urocanate C00785 3.73E+04 ± 34.12E+02 14.66E+04 ± 6.40E+04 2.91 0.16 Low CO2 
Uracil C00106 16.81E+04 ± 91.72E+02 25.08E+04 ± 4.78E+04 2.88 0.16 Low CO2 
Pyridoxamine C00534 3.63E+04 ± 9.68E+02 5.83E+04 ± 1.37E+04 2.55 0.19 Low CO2 
D-Glucuronolactone C00191 8.65E+04 ± 2.41E+04 12.34E+04 ± 42.83E+02 2.27 0.21 Low CO2 
Azelaic-Acid C08261 34.55E+02 ± 8.16E+02 64.63E+02 ± 18.57E+02 2.20 0.21 Low CO2 
Histamine C00388 4.76E+04 ± 59.27E+02 6.39E+04 ± 95.39E+02 2.12 0.22 Low CO2 
Guanine C00242 54.94E+04 ± 2.76E+04 92.49E+04 ± 26.23E+04 2.03 0.23 Low CO2 
N-Acetylglycine CA1212 6.57E+04 ± 86.22E+02 9.12E+04 ± 1.71E+04 1.78 0.25 Low CO2 
Adenine C00147 7.66E+06 ± 56.81E+04 9.48E+06 ± 1.24E+06 1.76 0.25 Low CO2 
4-Hydroxy-L-Proline C01157 10.72E+04 ± 71.02E+02 12.54E+04 ± 1.18E+04 1.73 0.26 Low CO2 
Citrate C00158 2.11E+06 ± 87.25E+04 3.54E+06 ± 66.92E+04 1.69 0.26 Low CO2 
Cytosine C00380 41.57E+04 ± 3.66E+04 60.80E+04 ± 14.70E+04 1.61 0.27 Low CO2 





Table 13 continued 
Metabolite KEGG ID High CO2 
Mean ± SE MS Peak Area 
Low CO2 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
N-Acetyl-D-Tryptophan C03137 63.51E+02 ± 68.60E+00 1.12E+04 ± 39.55E+02 1.52 0.29 Low CO2 
3-Aminoisobutanoate C05145 1.72E+04 ± 44.18E+02 2.32E+04 ± 27.27E+02 1.31 0.32 Low CO2 
Formononetin C00858 3.47E+02 ± 89.93E+00 6.55E+02 ± 2.59E+02 1.26 0.33 Low CO2 
L-Alanine C00041 60.19E+04 ± 4.15E+04 76.48E+04 ± 14.37E+04 1.19 0.34 Low CO2 
Uridine C00299 4.03E+04 ± 1.17E+04 5.69E+04 ± 99.28E+02 1.17 0.34 Low CO2 
-Aminoadipate C00956 10.57E+04 ± 89.31E+02 13.83E+04 ± 2.92E+04 1.14 0.35 Low CO2 
2-6-Dihydroxypyridine C03056 5.05E+04 ± 50.38E+02 6.49E+04 ± 1.26E+04 1.13 0.35 Low CO2 
3-2-Hydroxyphenyl Propanoate C01198 59.96E+02 ± 5.67E+02 80.47E+02 ± 18.64E+02 1.11 0.35 Low CO2 
L-Serine C00716 16.83E+04 ± 70.83E+02 24.18E+04 ± 7.67E+04 0.91 0.39 Low CO2 
L-Threonine C00188 18.64E+04 ± 3.22E+04 24.26E+04 ± 5.02E+04 0.89 0.40 Low CO2 
Palmitic Acid C00249 2.45E+06 ± 4.92E+04 3.25E+06 ± 99.43E+04 0.65 0.47 Low CO2 
Disaccharides  3.44E+06 ± 49.72E+04 4.03E+06 ± 55.30E+04 0.63 0.47 Low CO2 
Eriodictyol C05631 11.96E+02 ± 5.42E+02 26.31E+02 ± 20.88E+02 0.44 0.54 Low CO2 
Tyramine C00483 4.08E+04 ± 95.01E+02 5.21E+04 ± 1.42E+04 0.44 0.54 Low CO2 
Dehydroascorbate C05422 56.00E+04 ± 26.29E+04 72.58E+04 ± 2.23E+04 0.40 0.56 Low CO2 
Linoleic Acid C01595 18.06E+04 ± 5.69E+04 29.20E+04 ± 21.40E+04 0.40 0.57 Low CO2 
5-Oxo-L-Proline C01879 8.52E+06 ± 96.91E+04 11.23E+06 ± 4.36E+06 0.37 0.58 Low CO2 
Deoxy-Hexoses  60.58E+02 ± 13.94E+02 70.73E+02 ± 10.30E+02 0.34 0.59 Low CO2 
1-2-Phenylenediamine C14402 4.87E+04 ± 1.21E+04 5.86E+04 ± 1.49E+04 0.27 0.63 Low CO2 
6-Hydroxynicotinate C01020 4.87E+04 ± 48.38E+02 5.34E+04 ± 75.80E+02 0.27 0.63 Low CO2 
3-Amino-5-Hydroxybenzoic Acid C12107 3.48E+04 ± 18.80E+02 3.78E+04 ± 60.36E+02 0.23 0.66 Low CO2 
L-Glutamine C00303 14.20E+06 ± 2.30E+06 18.46E+06 ± 9.55E+06 0.19 0.69 Low CO2 
Glyceraldehyde C02154 40.84E+04 ± 5.64E+04 44.02E+04 ± 4.72E+04 0.19 0.69 Low CO2 
Fumarate C00122 15.47E+04 ± 5.17E+04 18.25E+04 ± 3.90E+04 0.18 0.69 Low CO2 





Table 13 continued 
Metabolite KEGG ID High CO2 
Mean ± SE MS Peak Area 
Low CO2 
Mean ± SE MS Peak Area 
F p Higher 
concentration 
L-Asparagine C16438 11.44E+04 ± 1.79E+04 14.46E+04 ± 7.41E+04 0.16 0.71 Low CO2 
Glycerol-3-Phosphate C00093 68.27E+04 ± 15.36E+04 76.28E+04 ± 13.98E+04 0.15 0.72 Low CO2 
Galactonic Acid C00880 48.72E+04 ± 15.57E+04 59.85E+04 ± 26.28E+04 0.13 0.73 Low CO2 
Aspartate C00049 1.27E+06 ± 47.44E+04 1.43E+06 ± 9.70E+04 0.11 0.76 Low CO2 
Thymine C00178 7.87E+04 ± 76.41E+02 8.34E+04 ± 1.38E+04 0.09 0.78 Low CO2 
Glyceric Acid C00258 18.83E+04 ± 3.55E+04 19.75E+04 ± 1.13E+04 0.06 0.82 Low CO2 
3-Amino-4-Hydroxybenzoic Acid C12115 4.23E+04 ± 96.25E+02 4.66E+04 ± 2.06E+04 0.04 0.86 Low CO2 
Amino-Sugars  5.63E+04 ± 3.52E+04 6.37E+04 ± 2.19E+04 0.03 0.87 Low CO2 
Nicotinate Picolinic Acid C00253 4.84E+04 ± 61.66E+02 4.96E+04 ± 52.35E+02 0.02 0.89 Low CO2 
L-Arginine C00062 1.00E+04 ± 24.94E+02 1.07E+04 ± 43.58E+02 0.01 0.91 Low CO2 
2-Aminophenol C01987 72.94E+04 ± 5.98E+04 74.03E+04 ± 12.21E+04 0.01 0.94 Low CO2 






These results revealed that eelgrass populations from very different thermal environments 
both exhibited increased thermal tolerance with enhanced photosynthetic energy capture, sucrose 
formation and growth under CO2 enrichment that could counteract some climate warming 
impacts on this foundational species.  Although similar whole plant responses to CO2 in terms of 
leaf sucrose, leaf growth, and shoot numbers suggest common effects of CO2 enrichment, 
differences in metabolite profiles hint at important genetic differences between these 
populations.  Metabolomics analyses suggest that stress causes the diversion of carbon flow 
pathways from growth and energy (ATP) production to non-anabolic intermediates that may help 
elucidate important mechanisms responsible for stress tolerance and quantify the energetic cost 
of the stress response. 
Although the differences in metabolite pools observed here in response to different [CO2] 
point to shifts in the activities of metabolic pathways leading to whole plant responses to 
potential climate forcing, noting that metabolite pool sizes alone are insufficient to fully 
understand the physiological basis for whole-plant responses to climate-driven environmental 
change.In addition to making more detailed analyses of metabolite change over time, analyses of 
changes in the proteome and transcriptome will be necessary to fully understand key genomic 
functions and metabolic pathways, and those analyses are currently under way.  However, the 
metabolite profiles generated here, in combination with analysis of whole-plant performance, 
provide a force multiplier for translating ‘omic’ approaches into a predictive understanding of 
the physiological response of seagrasses to an increasingly hot and sour sea, and the potential for 










 DIFFERENTIAL GENE EXPRESSION AMONG GEOGRAPHICALLY DISTINCT 
POPULATIONS OF ZOSTERA MARINA L (EELGRASS) IN RESPONSE TO 
SIMULATED CLIMATE CHANGE 
Introduction 
The transcriptome is the set of RNAs transcribed from an entire organism or a specific cell 
type mainly composed of messenger or coding RNAs and a variety of non-coding RNAs 
(Srivastava et al. 2019).  Inherently the transcriptome is dynamic and provides direct knowledge 
of gene regulation and protein content information.  There are two types of transcriptomic 
analysis: single gene expression (targeted) and whole transcriptome (untargeted).  Most studies 
use RNA-sequence to examine changes in the whole transcriptome.  RT-qPCR is a common 
method for measurements of gene expression in individual genes and had played an important 
role in molecular research of seagrasses (Winters et al. 2011, Dattolo et al. 2014, Lauritano et al. 
2015, Salo et al. 2015, Olivé et al. 2017), absolute and relative quantification are employed to 
quantify single gene expression data.  The absolute quantification method requires the use of an 
array of standard curves.  In contrast, relative quantification enables the calculation of the 
difference between a reference gene and the gene of interest producing a ΔCt value as a proxy to 
compare between different groups/samples.  Targeted genes analysis might help us understand 
how molecular changes of foundation species cope with increase in CO2 and temperature leading 
to physiological responses (Gracey 2007, Evans & Hofmann 2012). 
Gene expression plays a central role in organismal plasticity and adaptation to 
environmental change by synchronizing physiological changes and metabolic pathways at the 




and/or populations can limit their responses to their immediate environment within a single 
generation often impacting productivity and survival (Raven & Geider 2003).  Seagrasses are 
sessile organisms fully exposed to their surrounding environment and any fluctuation in it.  
Therefore, any change in their surrounding influence the plant biogeochemical processes thus 
mirroring environmental changes.  Recent studies have used transcriptomes from populations of 
Z. marina (Franssen et al. 2011, Winters et al. 2011, Salo et al. 2015), Posidonia oceanica 
(Dattolo et al. 2014, Lauritano et al. 2015, Ruocco et al. 2019) and Cymodocea nodosa (Olivé et 
al. 2017, Ruocco et al. 2017) to contextualize physiological results from temperature, light and 
acidification experiments.  In the case of Z. marina, geographically isolated eelgrass populations 
appear to be genetically distinct (Alberte et al. 1994, Williams & Orth 1998, Reusch et al. 1999), 
displaying high plasticity in leaf morphology, suggesting that populations may be adapted to 
different conditions (Reusch et al. 1999, Staehr & Borum 2011).  These leaf phenotypic 
variations are the result of expression of genes and gene complexes induced in response to 
environmental change or during changes in physiological state (Gracey 2007). 
Environmental changes such as the increase in ocean CO2 availability can reduce 
seagrass light requirements and enhance productivity and thermal tolerance, providing some 
compensation for climate warming (Björk et al. 1997, Zimmerman et al. 1997, Touchette & 
Burkholder 2000, Palacios & Zimmerman 2007, Zimmerman et al. 2015, Zimmerman et al. 
2017).  Specifically, Z. marina populations from South Bay in the Chesapeake Bay, VA and 
Dumas Bay in Puget Sound, WA exposed to a gradient of CO2 concentrations not only revealed 
a positive effect of high CO2 concentration enhancing overall plant size, growth, survival and 
leaf sugar (Chapter 2) but also an increase in the abundance of Calvin Cycle and nitrogen 




plants encompassed several physiological and morphological adjustments.  Therefore, the 
objective of this study was to compare the gene expression patterns of eelgrass from South Bay, 
Virginia (SBV) and Dumas Bay, Washington (DBW) in the context of the whole plant 
physiology and metabolomic studies reported in Chapters 2 and 3.  In theory, increased CO2 
availability should increase the gene expression of carbon fixation and photosynthetic genes and 
decrease the expression of stress response genes involved in temperature.  Differential responses 
among populations may help identify heritable traits that facilitate adaptation of eelgrass to 
changing climate conditions and improve our predictive capacity for restoration and conservation 
of these important ecosystem engineers. 
Materials and Methods 
Source of Plant Materials 
As previously stated (Chapter 2), in April 2013 eelgrass shoots from South Bay, Virginia 
and Dumas Bay in southern Puget Sound, WA were carefully uprooted by hand, transported and 
planted in the experimental growth facility at the Virginia Aquarium & Marine Science Center, 
Virginia Beach, VA.  The 20 outdoor aquaria were maintained at five CO2 concentrations 
ranging from ambient (~55µmol CO2 Kg
-1 SW, pH ~8.0) to 2121 µmol CO2 Kg
-1 SW (pH 6) 
(Zimmerman et al. 2017).  From the 20 aquaria only in 10 aquaria DBW and NBW were present, 
therefore, having up to two replicates per CO2 treatment for these populations and up to 4 
replicates for SBV.  Parallel experiments were running in the aquaria limiting the space, 
therefore five seagrass containers were into each aquaria (three plastic containers for SBV, one 




Then, in April 2014 a second set of freshly uprooted plants from South Bay VA and 
Dumas Bay WA were transplanted to the experimental facility.  Two separate containers of these 
new plants from South Bay (i.e. 2nd-year transplants, NSB) were added next to the acclimated 
SBV shoots from 2013 in each aquarium.  The Dumas Bay 1st-year transplants were discarded in 
April 2014 and one container of new plants was added into the tanks (i.e., 2nd-year transplants, 




Tissue Collection, Storage, RNA extraction and cDNA preparation 
The 2nd youngest leaf (No. 1 was the youngest leaf) was collected monthly from a shoot 
at random from each plastic container.  The reason for choosing 2nd youngest leaf is that the 
levels of activity (metabolism, protein content) of Z. marina leaves decrease from the youngest 
(number 1) to the oldest (Mazzella & Alberte 1986, Kraemer et al. 1998).  Leaf-age related 
differences in plant responses at molecular, physiological and morphological levels are amplified 
therefore leaf tissues with approximately 14 days of age were chosen.  Epiphytes were removed 
by gently scraping each leaf with a clean razor blade, followed by a brief rinse in 0.2 µm-filtered 
seawater.  The clean leaves were patted dry with a tissue, flash frozen in liquid nitrogen and 
stored at -80° C until RNA extraction.   
The set of samples analyzed for gene expression included South Bay (SBV) leaves from 
three CO2 treatments (55.3, 107.81 and 823.15 µmolKg
-1SW) and five months (September 2013, 
November 2013, January 2014, April 2014, and August 2014).  For Dumas Bay (DBW) plants, a 
low number of replicates due to sample limitation only allowed the gene expression analysis of 
three CO2 treatments (55.3, 107.81 and 823.15 µmolKg
-1SW) and three months (November 
2013, January 2014, and April 2014).  Also plants transplanted from the field in April 2014 into 
the CO2 treatments but sampled in August 2014 were analyzed representing the peak of thermal 
stress period of our long running experiment.  This also enabled the comparison of plants 
acclimated for a year to short term (3 month) acclimated plants from South Bay (NSB) and 
Dumas Bay (NDB).  Nisqually Bay WA (NBW) eelgrass was not included because plants did not 
survive the warm summer of 2013. 
Frozen leaf samples were removed from freezer, immediately placed 10mL of in house 




powder with mortar and pestles containing liquid nitrogen.  Nucleic acids (total RNA + DNA) 
were extracted using InviTrap Spin Plant RNA Mini Kit (Stratec Molecular GmbH, Berlin, 
Germany), according to the manufacturer’s protocol.  About 100-120 mg of powdered tissue was 
suspended in 900 µl of lysis solution (RP buffer supplemented with DDT).  RNase-free DNase I 
(Qiagen) was used to eliminate any trace of genomic DNA, leaving behind the total RNA.  The 
quantity and purity of the total RNA were analyzed using Nanodrop 2000 Spectrophotometer 
(Thermo Scientific, Waltham, MA, USA), and Qubit 2.0 Fluorometer (Invitrogen by Life 
Technologies).  RNA was used when Abs 260 nm/Abs 280 nm varied between 1.9 and 2.1 and 
the Abs 260nm /Abs 230 nm was >2.0.  RNA concentrations ranged between 2.64 and 600 ng/µl 
showing high variability between biological replicates that originated from different aquaria.  
The quality of the RNA samples was confirmed using an Agilent 2100 Bioanalyzer (RNA 6000 
NanoKit); only high quality RNA was used in the subsequent analyses (RNA integrity number, 
RIN>6).  RNA templates were diluted ranging from 1.22 to 10 ng/µl final concentration (i.e., 
RNA not normalized).  RNA was reverse transcribed into complimentary DNA (cDNA) using 
QuantiTect Reverse Transcription Kit (Qiagen) following the manufacturer’s protocol.  The 
protocol consisted in genomic elimination reactions and reverse-transcription reactions.  The 
total reaction volume of genomic DNA elimination reaction components was increased to17.5 
µl.  From this initial volume, 3.5 µl was sampled after incubation to be used as non-reverse-
transcription control (NRTC). 
Target gene selection and QPCR 
Seven target genes previously identified by Bergmann et al. (2010), Salo et al. (2015), 
Winters et al (2011) and Kong et al. (2016) were chosen (Table 14).  These genes are involved in 




responses to CO2 and temperature between the South Bay VA and Dumas Bay WA eelgrass 
populations.  The mRNA products provided transcription information from  
i) two proteins involved in the photosynthetic process: Photosystem II 22 kDa protein 
(PSBS) and a Light-Harvesting Chlorophyll a/b-Binding Protein (LHCB5) 
ii) two genes involve in carbon metabolism: Rubisco, large subunit-binding protein 
subunit alpha (RBP) and sucrose synthase (SS) 
iii)  two antioxidant/stress genes: Catalase (CAT) and Superoxide dismutase (Mn) (SOD)  
iv) Hsp70, a gene from the Heat shock proteins chaperone family, 70kDa  
The eukaryotic initiation factor 4A (eIF4A) and TATA box were used as housekeeping 
genes (HKG) (Ransbotyn & Reusch 2006) under the assumption that they provide constant 
expression levels necessary for calibrating target gene expression levels and were analyzed for 
stability in the experimental CO2 conditions. 
RT-qPCR was performed in MicroAmpFast 96-well reaction plate (Applied Biosystems) 
with Optical Adhesive Covers (Applied Biosystems) on, to measure the abundance of target 
genes relative to the reference gene.  Each plate included 3 samples in technical triplicates with 
housekeeping genes and target genes, in addition to two no-template controls (NTC) for each 
primer set using sterile water.  The PCR reaction mix consisted of 10 µL Power SYBR® Green 
PCR Master Mix (Applied Biosystems), 2 µL cDNA template, 0.8 µ L of each primer and 6.4µL 
of RNase/DNase free water in a total volume of 20 µL.  The thermal profile involved (i) an 
initial denaturation period for 20 min 95° C, (ii) 40 cycles of denaturation at 95° C and annealing 




Lastly, to explore the differential expression between populations, CO2 conditions and 
compare expression over time −∆Ct (cycle threshold) values were used.  The relative gene 
expression levels were calculated as: 
−∆Ct= Ct (housekeeping gene) − Ct (target gene) 
Statistical Analysis 
The number of biological replicates varied between 1 to 4 per population per CO2 treatment 
each month.  Two-way analysis of variance (Two-Way ANOVA) was performed for all the −∆Ct 
values obtained from the different populations, implemented in the multivariate general linear 
model component of IBM SPSS Statistics 22 using log [CO2] and month as factors.  Following 
two-way ANOVA, a Tukey's HSD post hoc test was performed to assess significant differences 
(p < 0.05) in −∆Ct values in response to the different CO2 treatments and months for each 
population.  Principal component analysis (PCA) was performed with gene expression data 
(−ΔCt values) to explore general patterns along principal components (PC) 1 and PC2 that 
explained most variability.  The datasets analyzed were SBV alone, DBW alone, NSBV alone, 
NDBW alone, SBV + DBW, SBV + NDBW+ SBV and then by month.  PCAs were performed 
in R version 4.0.3 (R Core Team 2019) using the function prcomp found in “stats” package (R 
Core Team 2019). 
The interacting effects of environmental parameters were analyzed by regressing −ΔCt 
values against temperature, light (PAR), and [CO2] values averaged over the 2-week period 
preceding the leaf collection date.  This period accounted the response time (short-term) of the 
plants adjust the photosynthetic apparatus that drive carbon assimilation under different CO2 




significance of each environmental parameter to drive the gene expression changes.  For each 
gene, a general multiple linear regression was performed against all three environmental 
predictors (temperature, PAR, [CO2]) and simple linear regression against sucrose concentration 
and chlorophyll concentration, where data from all CO2 treatments were aggregated.  
Additionally, for each CO2 treatment, stepwise multiple linear regression was performed to 
discern the principal environmental predictor ([CO2], temperature, PAR) among the different 
treatments.  Each CO2 treatment resulted in some temporal variability in [CO2] due to the 
dependency of CO2 solubility on water temperature and salinity/alkalinity.  Therefore, during 
these treatments, specific multiple linear regression analysis and collinearity statistics between 
CO2 and temperature were evaluated.  Steps were taken to account for the variance inflation 
factor (VIF) of the index of collinearity statistics which should not exceed the threshold value of 
2 (Help IBM SPSS Statistics).  VIF quantifies the severity of multicollinearity in an ordinary 
least squares regression analysis, a low VIF index assured that multiple linear regression models 




Table 14.  Zostera marina genes and primer pairs used in the gene expression analysis and their function. 
Gene name Abbreviation Function Primer sequence Encoded  Synonyms 







F: 5-TTC CCA AAA AGG TGG 
TAG TTA-3 R: 5-ATA AAG AAG 
CGG CAA AAC C-3 









F: 5-TGG AGA AGT CCC CGG 
AGA CT-3    R: 5-AAC GGC AAT 







II protein 5 
Catalased CAT Antioxidant F: 5-ACA AAA TTC CGT CCG 
TCA-3 R: 5-GTC CTC AAG GAG 




SOD Antioxidant F: 5-ATG GGT GTG GCT TGC 
TTA-3 
R: 5-ATG CAT GCT CCC ATA 
CAT CT-3 
Nuclear  
Heat shock proteina HSP70 Molecular 
chaperone  
F: 5-CAC GAC CGT GTT GAG 
ATC AT-3 







Table 14 continued 
Rubisco, large subunit-
binding protein subunit 
alphab  
RBP Enzyme (in 
photosynthesis) 
F: 5-CCA TCT CTA CCG CTA 
TCC CT-3 R: 5-GAC GAC CTC 
ACA ACA AAC CT-3 
chloroplast 60 kDa chaperonin 
subunit alpha, 
CPN-60 alpha 
Sucrose synthaseb SS Enzyme (sucrose 
catabolism) 
F: 5-TTA CCG TAT AAC TCG 
ACC AAA CC-3 
R: 5-TAG CAA AGA AGA CAA 







eIF4A Translation initiation 
factor  
(housekeeping gene) 
F: 5-TCT TTC TGC GAT GCG 
AAC AG-3 





TATA Box binding 
proteinc 
TATA General RNA 
polymerase II 
transcription factor 
F: 5-CGG AGA GCT CAT TGA 
AAC AGC TA-3 
R: 5-GGA ACT TTT CCT TCC 
AAC TTC AGA-3 
Nuclear  
 
Genes previously researched by:  aBergmann et al. (2010), bSalo et al. (2015), cRansbotyn and Reusch (2006), dWinters et al 





Housekeeping genes across CO2 treatments 
Both the housekeeping genes eIF4A and TATA box showed a high level of expression 
with Ct values between 27.62 and 32.95 for EIF4A and 30.54 to 35.52 for TATA.  Raw Ct data 
of housekeeping genes are reported in Fig. 16.  High Ct variability was observed showing that 
the expression of both HKG vary among different CO2 conditions and time (months) (Table 15).  
EIF4A was selected for normalizing expression data of the remaining genes as the Ct value was 
below the recommended upper threshold of 35 (de Kok et al. 2005) and had been used as 
reference gene in previous studies on Z. marina (Ransbotyn & Reusch 2006, Winters et al. 2011, 
Salo et al. 2015, Zang et al. 2018). 
 
Figure 16.  Ct values obtained for the candidate reference genes used on eelgrass leaves growing 





















EIF4A high CO2 EIF4A low CO2 EIF4A ambient CO2




Table 15.  Summary of two-way ANOVA results for comparison of Ct values across CO2 
treatments and time for the housekeeping genes used in this study.  ANOVA table for Type III 
tests of fixed effects using the univariate general linear model routine implemented in SPSS. log 
[CO2], month and housekeeping gene were treated as fixed factors. 
Source 
Type III Sum of 
Squares df 
Mean 
Square F p 
HKG 441.42 1 441.42 128.86 <0.001* 
log [CO2] 67.89 2 33.95 9.91 <0.001* 
month 185.76 4 46.44 13.56 <0.001* 
HKG* log [CO2] 5.19 2 2.59 0.76 0.47 
HKG X month 8.51 4 2.13 0.62 0.65 
log [CO2] X month 74.40 8 9.30 2.72 0.01* 
HKG X log [CO2] X month 7.68 8 0.96 0.28 0.97 
 
 
South Bay comparison across time and CO2 treatments 
Principal components analysis of SBV gene expression across time and CO2 treatments 
showed a cluster of plants growing in November under the intermediate CO2 treatment (pH 7.5, 
107 µmol CO2·Kg
-1 SW) along the PC1which explains over 28% of the total variability (Fig. 17) 
suggesting that plants growing at this CO2 level in November experienced more changes in gene 
expression compared to other CO2 treatments and months.  
In general, two-way ANOVA of SBV gene expression showed clear statistical 
differences through time for six of the seven genes measured (p < 0.05, Table 16).  Genes coding 
for PSBS, LHCB5, RBP and SS expression changed through time (Fig. 18-19) and showed a 




effect of CO2 on gene expression was modified by temporal responses where the mean for gene 
expression differ between CO2 treatments for at least one month. 
The relative quantity of PSBS transcripts changed through time (Fig.18a, Table 16) 
indicating significant differences between the depth of winter (January 2014) and the other time 
points and between November 2013 and April 2014.  PSBS gene expression was expected to 
respond to light.  However, linear regression analysis found no correlations between gene 
expression and light availability (Total daily PAR) as well as no correlations to other 
environmental features (CO2 variability, temperature), chlorophyll or leaf sugar concentration 
under different CO2 treatments (Table 17).  Analyzing CO2 treatments individually highlighted 
that the gene expression of PSBS under high CO2 (pH 6.5, 823 µmol CO2·Kg
-1 SW) responded 
to sucrose concentration (p= 0.025, Table 18) maybe suggesting a signaling function of sucrose 







Figure 17.  Principal Component Analyses of the −∆Ct values of eelgrass leaves growing at 
different CO2 concentrations from South Bay, VA including three CO2 treatments and five 
months (September 2013, November 2013, January 2014, April 2014 and August 2014).  CO2 














Table 16.  Summary of two-way ANOVA results for comparison of relative gene expression 
across CO2 treatments for South Bay, VA eelgrass.  ANOVA table for Type III tests of fixed 
effects using the multivariate general linear model routine implemented in SPSS. Log [CO2] and 
month were treated as fixed factors. 
GOI Source 
Type III Sum of 
Squares df 
Mean 
Square F p 
PSBS month 218.62 4 54.65 16.22 <0.001* 
  log [CO2] 5.87 2 2.93 0.87 0.43 
  month X log [CO2] 191.61 8 23.95 7.11 <0.001* 
CAT month 17.88 4 4.47 0.69 0.60 
  log [CO2] 9.05 2 4.53 0.70 0.50 
  month X log [CO2] 55.16 8 6.89 1.07 0.40 
HSP70 month 46.55 4 11.64 3.04 0.03* 
  log [CO2] 1.75 2 0.88 0.23 0.80 
  month X log [CO2] 57.94 8 7.24 1.89 0.09 
LHCB5 month 594.08 4 148.52 12.20 <0.001* 
  log [CO2] 13.83 2 6.92 0.57 0.57 
  month X log [CO2] 277.95 8 34.74 2.85 0.01* 
RBP month 51.56 4 12.89 8.77 <0.001* 
  log [CO2] 5.04 2 2.52 1.71 0.19 
  month X log [CO2] 58.29 8 7.29 4.96 <0.001* 
SOD month 29.42 4 7.35 7.53 <0.001* 
  log [CO2] 0.27 2 0.13 0.14 0.87 
  month X log [CO2] 10.47 8 1.31 1.34 0.25 
SS month 104.95 4 26.24 2.89 0.05* 
  log [CO2] 28.43 2 14.22 1.57 0.24 





Table 17.  South Bay linear regression analysis with their standardized coefficients.* indicate significance at p0.05. 
 
Multiple Linear Regression (3 predictors) Simple Linear Regression (1 predictor) 
GOI Predictors Beta t p Predictors Slope t p 
PSBS Daily Average [CO2] 0.17 0.64 0.54  [Suc] µmol g-1 DW 0.02 2.06 0.06 
  Daily Average Temp -0.68 -1.77 0.10 Total Chl per LA (µg Chl cm-2) -0.13 -0.87 0.40 
  Daily Total PAR 0.56 1.47 0.17     
CAT Daily Average [CO2] -0.03 -0.13 0.90  [Suc] µmol g-1 DW 0.00 -0.45 0.66 
  Daily Average Temp -0.46 -1.15 0.28 Total Chl per LA (µg Chl cm-2) -0.04 -0.55 0.59 
  Daily Total PAR 0.66 1.67 0.12     
HSP70 Daily Average [CO2] -0.06 -0.20 0.85  [Suc] µmol g-1 DW 0.00 -0.19 0.85 
  Daily Average Temp 0.53 1.30 0.22 Total Chl per LA (µg Chl cm-2) 0.11 1.40 0.19 
  Daily Total PAR -0.28 -0.69 0.50     
LHCB5 Daily Average [CO2] 0.19 0.91 0.38  [Suc] µmol g-1 DW -0.01 -0.90 0.38 
  Daily Average Temp -0.11 -0.39 0.71 Total Chl per LA (µg Chl cm-2) 0.06 0.28 0.78 
  Daily Total PAR 0.82 2.77 0.02*     
RBP Daily Average [CO2] 0.03 0.13 0.90  [Suc] µmol g-1 DW 0.00 -0.25 0.81 
  Daily Average Temp 0.79 2.36 0.04* Total Chl per LA (µg Chl cm-2) 0.04 0.41 0.69 
  Daily Total PAR -0.96 -2.90 0.01*     
SOD Daily Average [CO2] 0.13 0.60 0.56  [Suc] µmol g-1 DW 0.00 -0.96 0.36 
  Daily Average Temp 0.71 2.22 0.05* Total Chl per LA (µg Chl cm-2) 0.08 1.68 0.12 
  Daily Total PAR -0.01 -0.03 0.98 
SS Daily Average [CO2] -0.22 -0.79 0.45  [Suc] µmol g
-1 DW -0.02 -2.01 0.07 
  Daily Average Temp 0.37 0.89 0.39 Total Chl per LA (µg Chl cm-2) 0.11 0.55 0.59 





Table 18.  South Bay backward stepwise linear regression model results for effects of environmental and physiological parameters on 
the gene expression for each CO2 treatment (exc.: defined by the stepping method criteria parameters were excluded from the model if 










GOI Predictors Beta p Beta p Beta p Predictors Slope p Slope p Slope p 
PSBS Daily Average [CO2] 0.840 0.075 exc.   exc.   [Suc] µmol g
-1 DW 0.023 0.025* 0.037 0.182 -0.002 0.876 
  Daily Average Temp exc.   exc.   exc.   Total Chl per LA (µg Chl cm-2) -0.205 0.344 -0.221 0.817 -0.032 0.912 
  Daily Total PAR exc.   exc.   exc.                 
CAT Daily Average [CO2] exc.   0.648 0.006* 0.989 0.001* [Suc] µmol g
-1 DW 0.004 0.147 0.008 0.033* -0.011 0.348 
  Daily Average Temp -1.448 0.013* exc.   exc.   Total Chl per LA (µg Chl cm-2) -0.053 0.189 -0.156 0.285 -0.196 0.580 
  Daily Total PAR 1.085 0.023* -1.181 0.002* exc.                 
HSP70 Daily Average [CO2] exc.   1.177 0.058# -2.12 0.044*# [Suc] µmol g
-1 DW 0.000 0.973 0.007 0.541 -0.006 0.659 
  Daily Average Temp exc.   1.824 0.073# exc.   Total Chl per LA (µg Chl cm-2) 0.169 0.195 -0.025 0.937 0.319 0.315 
  Daily Total PAR exc.   -2.732 0.046*# 2.50 0.033*#               
LHCB5 Daily Average [CO2] exc.   exc.   0.824 0.005* [Suc] µmol g
-1 DW 0.003 0.892 -0.020 0.663 -0.025 0.148 
  Daily Average Temp exc.   exc.   0.288 0.037* Total Chl per LA (µg Chl cm-2) 0.050 0.873 1.128 0.366 0.863 -0.096 
  Daily Total PAR exc.   0.820 0.089 exc.                 
RBP Daily Average [CO2] exc.   exc.   3.284 0.082# [Suc] µmol g
-1 DW -0.003 0.697 0.000 0.983 -0.003 0.652 
  Daily Average Temp 1.140 0.059 exc.   exc.   Total Chl per LA (µg Chl cm-2) 0.053 0.573 -0.040 0.941 0.232 0.162 
  Daily Total PAR -1.398 0.041* exc.   -2.197 0.096#               
SOD Daily Average [CO2] exc.   exc.   exc.   [Suc] µmol g
-1 DW -0.001 0.810 -0.003 0.610 -0.006 0.459 
  Daily Average Temp exc.   exc.   0.868 0.057 Total Chl per LA (µg Chl cm-2) 0.135 0.151 0.100 0.543 0.256 0.158 
  Daily Total PAR exc.   exc.   exc.                 
SS Daily Average [CO2] exc.   exc.   0.718 0.013* [Suc] µmol g
-1 DW -0.005 0.730 -0.003 0.454 -0.020 0.105 
  Daily Average Temp exc.   exc.   0.421 0.035* Total Chl per LA (µg Chl cm-2) 0.065 0.747 -0.154 0.896 0.011 0.977 




During the experiment, LHCB5 gene expression followed the temporal pattern in irradiance 
as confirmed by the positive correlation with irradiance (Table 17), while CO2 (quasi-constant 
seasonally) and temperature, which lagged the solar signal by 43 days, had no significant impact.  
The LHCB5 gene expression differed in November 2013 across CO2 treatments when 
intermediate CO2 sample exhibited lower expression than the other CO2 treatments.  Also in 
August 2014 when irradiance started to decrease (Fig 2) LHCB5 expression under high CO2 was 
lower than the other CO2 treatments (Fig. 18b, Table 3).  Correlating individual CO2 treatments 
to the environmental features showed that gene expression of LHCB5 under ambient CO2 
responded positively to increasing temperature and seasonal variability of CO2, whereas the 
irradiance at such a low CO2 environment had no significant impact (Table 18).  On the other 
hand, LHCB5 gene expression did not change under intermediate and high CO2 treatments (i.e. 
pH 7.5, 107µmol CO2·Kg
-1 SW and pH 6.5, 823 µmol CO2·Kg
-1 SW) revealing no consistent 
pattern that can be relate to CO2 treatment or seasonal variability in light and temperature 
(Fig.18b, Table 18).  
CO2 had no significant impact on RBP gene expression throughout the experiment, 
despite the fact that RBP responded to irradiance and temperature (Table 17).  When analyzing 
each CO2 treatment the RBP gene expression of plants under high and ambient CO2 responded to 
increasing irradiance (Table 18) while RBP gene expression of plants under intermediate CO2 
concentrations (pH 7.5, 107 µmol CO2·Kg
-1 SW) did not change in response to the 
environmental features (temperature, irradiance, CO2 variability) (Table 18).  ANOVA revealed 
that RBP gene expression changed through time and showed a significant interaction between 
month and log [CO2] (Fig. 18c, p < 0.05, Table 16).  CO2 treatments only differed in November 




RBP expression decreased across CO2 treatments during spring when the plants experienced 
optimal growth temperatures ( 15º C) and irradiances ( 18 mol quanta m–2 d–1, Fig. 1), (Fig. 
18c).  Despite the decrease in RBP across CO2 treatments, these conditions favored a differential 
response across CO2 treatments increasing survival and sucrose concentrations under high CO2 






























Figure 18.  Effects of CO2 and temperature on mean gene expression (–ΔCt) of eelgrass populations.–ΔCt values of 4 GOI (gene 
names Table 14) measured from different time points for plants from South Bay, VA (filled triangles), Dumas Bay, WA (filled 
circles), 2nd year transplants South Bay (filled squares) and 2nd year transplants Dumas Bay, VA (stars).  CO2 treatment is indicated by 
color.  Means ± SE.
High CO2 =2121.49 µmol Kg-1SW
Ambient CO2 =55.30 µmol Kg-1SW
Intermediate CO2 =107.18 µmol Kg-1SW
[CO2]


































Figure 19.  Effects of CO2 and temperature on mean gene expression (–ΔCt) of eelgrass 
populations.–ΔCt values of 3 GOI (gene names Table 14) measured from different time points 
for plants from South Bay, VA (filled triangles), Dumas Bay, WA (filled circles), 2nd year 
transplants South Bay (filled squares) and 2nd year transplants Dumas Bay, VA (stars).  CO2 
treatment is indicated by color.  Means ± SE.
High CO2 =2121.49 µmol Kg-1SW
Ambient CO2 =55.30 µmol Kg-1SW
Intermediate CO2 =107.18 µmol Kg-1SW
[CO2]










The gene coding for sucrose synthase (SS) changed through time and showed significant 
interaction between month and log [CO2] (Fig. 18d, Table 16) suggesting that the CO2 effect was 
modified by temporal responses.  However, SS gene expression across CO2 treatments did not 
respond independently to CO2 treatment or seasonal variability in light or temperature (Table 
17).  Further, the relationship between SS gene expression and sucrose concentration was weak 
(p=0.07, Table 17).  However, in September 2013 SS -ΔCt showed dissimilarity across CO2 
treatments (Fig. 18d) when leaf sucrose concentrations started to differentiated across CO2 
treatments (Chapter 2).  Then, during winter when ambient temperature and growth rates were 
low, sugar concentrations peaked in all CO2 treatments agreeing with a lower SS expression 
across CO2 treatments (Fig. 18d).  Subsequently during the summer of 2014 as sucrose reserves 
were mobilized to support shoot proliferation (Zimmerman et al. 2017), there were no 
differences in the expression of the SS gene among CO2 treatments (Fig. 18d, Table 18). 
According to the South Bay ANOVA the gene coding for the antioxidant enzyme CAT did 
not change in response to CO2 treatments or time (Fig. 19a, Table 16).  This was then confirmed 
by the multiple linear regression where CAT gene expression was not affected by temperature, 
irradiance or CO2 variability (Table 17).  However, similarly to SS during September 2013 and 
April 2014 CAT showed dissimilarity in -ΔCt across CO2 treatments (Fig. 19a) when leaf 
sucrose concentrations across treatments were significantly different (Chapter 2).  Analyzing 
individual CO2 treatments, CAT expression was higher in plants exposed to low and intermediate 
CO2 concentrations, suggesting that these plants might be under stress (Table 18) while CAT 
expression on plants under high CO2 were affected by temperature and irradiance (Table 18). 
In September 2013 SOD also showed dissimilarity in -ΔCt between ambient CO2 and the 




(Chapter 2) but sucrose concentration did not appear as a predictor in the regression analysis 
(Table 18).  However, temperature had a significant impact on the expression of the antioxidant 
gene super oxidase dismutase [Mn] (SOD Mn) (Table 17), being highest in August 2014 when 
plants experienced high temperatures (Fig. 19b, Table 3).  Within individual CO2 treatments, 
temperature was the most significant environmental predictor of SOD for the ambient CO2 
treatment having a marginally significant relationship (p=0.057) (Fig. 19b, Table 18).  
Although the expression of HSP70 changed through time, it was not significantly related to 
irradiance, temperature or CO2 variability (Fig. 19c, Table 16).  When analyzed by individual 
CO2 treatments, HSP70 gene expression was, however, affected by irradiance in the intermediate 
and ambient CO2 treatments (Table 17).  Despite differences in survival and sucrose 
concentration particularly during April 2014 (Chapter 2) HSP70 transcripts did not differ across 
CO2 treatments.  The two-way ANOVA post hoc comparisons indicated significant differences 
in HSP70 expression between April 2014 and August 2014, with HSP70 expression being higher 
in August 2014 when plants experienced high irradiance and temperatures above their threshold 
and high irradiances (Fig. 19c). 
When comparing only 2nd year transplants across CO2 treatments in August 2014 no 
significant differences in the expression of the seven genes as assessed by RT-qPCR was 
detected (Fig. 18, 19, p< 0.05, Table 19).  This result was unexpected as plants experienced 
approximately 67 days above their thermal threshold during this time period (Fig. 3) and 




Table 19.  Summary of two-way ANOVA results for comparison of relative gene expression in 
August 2014 across CO2 treatments for new plants from South Bay, VA eelgrass.  ANOVA table 
for Type III tests of fixed effects using the multivariate general linear model routine 
implemented in SPSS. log [CO2] was treated as fixed factors. 
GOI Source 
Type III Sum of 
Squares df 
Mean 
Square F p 
PSBS log [CO2] 23.40 2 11.70 2.80 0.21 
CAT   16.68 2 8.34 0.65 0.58 
HSP70   2.12 2 1.06 0.10 0.91 
LHCB5   9.56 2 4.78 0.58 0.61 
RBP   1.59 2 0.79 0.22 0.81 
SOD   1.70 2 0.85 0.54 0.63 
SS   43.86 2 21.93 0.92 0.49 
 
 
Dumas Bay comparison across CO2 treatments 
DBW plants had a low number of replicates across CO2 concentrations and less time 
points than SBV due to sample limitation.  However, PCA across CO2 treatments for this 
population showed high correlation among CO2 treatments and months (Fig. 20).  Two-way 
ANOVA also demonstrated that CO2 and months had no effect on expression of most of the 
genes of interest (Table 20).  The only gene expression that changed significantly during the 
experiment was PSBS where months were significantly different (Fig. 18a, p< 0.05, Table 20) 
therefore changing through time in response to irradiance (Table 21).  The post hoc comparisons 
indicated significant differences in PSBS expression between November 2013 and January 2014 





-1 SW) and ambient CO2 (pH 8, 55 µmol CO2·Kg
-1 SW) but intermediate CO2 (pH 
7.5, 107µmol CO2·Kg
-1 SW) had a small change while in January 2014 when irradiance and 
temperature were low PSBS expression increased across CO2 treatments (Fig. 18a).  When 
analyzing each CO2 treatment, the PSBS and LHCB5 gene expression responded positively to 
CO2 under intermediate CO2, whereas the temperature and irradiance in this treatment had no 
significant impact (Table 22).  The RBP gene expression of Dumas Bay did not show differences 
across treatments or months (Fig. 18c, p< 0.05, Table 20) but had negative relationship with 
irradiance (beta= -0.81, Table 8).  
Gene expression of DBW 2nd-year transplants measured in August 2014, were not 
affected by CO2 treatment (p< 0.05, Table 23).  However, the only genes showing low 
differential expression was SS under ambient CO2 conditions (pH 8, 55 µmol CO2·Kg
-1 SW) 






Figure 20.  Principal Component Analyses of the −∆Ct values of eelgrass leaves growing at 
different CO2 concentrations from Dumas Bay, WA including three CO2 treatments and three 
months (November 2013, January 2014 and April 2014).  CO2 treatments are indicated by color.















Table 20.  Summary of two-way ANOVA results for comparison of relative gene expression 
across CO2 treatments for Dumas Bay, WA eelgrass.  ANOVA table for Type III tests of fixed 
effects using the multivariate general linear model routine implemented in SPSS.  Log [CO2] and 
month were treated as fixed factors. 
GOI Source 
Type III Sum of 
Squares df 
Mean 
Square F p 
PSBS month 63.16 2 31.58 68.14 <0.001* 
  log [CO2] 2.19 2 1.10 2.36 0.24 
  month X log [CO2] 28.75 4 7.19 15.51 0.02* 
CAT month 8.99 2 4.50 1.55 0.35 
  log [CO2] 0.41 2 0.20 0.07 0.93 
  month X log [CO2] 7.36 4 1.84 0.63 0.67 
HSP70 month 28.71 2 14.35 0.16 0.87 
  log [CO2] 63.68 2 31.84 0.34 0.74 
  month X log [CO2] 78.86 3 26.29 0.28 0.84 
LHCB5 month 101.79 2 50.89 1.53 0.35 
  log [CO2] 45.69 2 22.85 0.69 0.57 
  month X log [CO2] 190.47 4 47.62 1.43 0.40 
RBP month 12.77 2 6.38 2.97 0.19 
  log [CO2] 10.32 2 5.16 2.40 0.24 
  month X log [CO2] 2.56 4 0.64 0.30 0.86 
SOD month 3.96 2 1.98 5.50 0.10 
  log [CO2] 0.45 2 0.22 0.62 0.59 
  month X log [CO2] 10.07 4 2.52 7.00 0.07 
SS month 8.24 2 4.12 0.18 0.85 
  log [CO2] 78.00 2 39.00 1.69 0.32 





Table 21.  Dumas Bay linear regression analysis with their standardized coefficients. * indicate significance at p 0.05. 
 
 Multiple Linear Regression (3 predictors) Simple Linear Regression (1 predictor)   
GOI Predictors Beta t p Predictors Slope t p 
PSBS Daily Average [CO2] 0.04 0.21 0.84  [Suc] µmol g
-1 DW 0.00 -0.38 0.71 
  Daily Average Temp -0.49 -2.12 0.07   
  
  
  Daily Total PAR 0.98 4.21 0.00*   
  
  
CAT Daily Average [CO2] -0.07 -0.25 0.81  [Suc] µmol g
-1 DW 0.00 0.52 0.61 
  Daily Average Temp -0.67 -1.96 0.09   
  
  
  Daily Total PAR 0.49 1.40 0.20   
  
  
HSP70 Daily Average [CO2] -0.15 -0.38 0.72  [Suc] µmol g
-1 DW 0.01 0.51 0.63 
  Daily Average Temp -0.43 -0.98 0.36   
  
  
  Daily Total PAR 0.10 0.23 0.83   
  
  
LHCB5 Daily Average [CO2] 0.17 0.61 0.56  [Suc] µmol g
-1 DW -0.01 -0.56 0.59 
  Daily Average Temp -0.36 -1.09 0.31   
  
  
  Daily Total PAR 0.67 1.98 0.08   
  
  
RBP Daily Average [CO2] -0.13 -0.54 0.61  [Suc] µmol g
-1 DW 0.00 0.21 0.84 
  Daily Average Temp 0.51 1.74 0.12   
  
  
  Daily Total PAR -0.81 -2.72 0.03*   
  
  
SOD Daily Average [CO2] -0.11 -0.37 0.72  [Suc] µmol g
-1 DW 0.00 -0.23 0.82 
  Daily Average Temp -0.13 -0.34 0.74   
  
  
  Daily Total PAR 0.57 1.55 0.16   
  
  
SS Daily Average [CO2] -0.43 -1.32 0.23  [Suc] µmol g
-1 DW -0.01 -0.50 0.63 
  Daily Average Temp 0.18 0.48 0.65   
  
  





Table 22.  Dumas Bay backward stepwise linear regression model results for effects of environmental and physiological parameters on 
the gene expression for each CO2 treatment  (exc.: defined by the stepping method criteria parameters were excluded from the model 
if the significance level of their F values >0.10, #: collinearity statistics VIF > 2.0). 








GOI Predictors Beta p Beta p Beta p Predictors Slope p Slope p Slope p 
PSBS Daily Average [CO2] exc.   0.927 0.011* 0.300    [Suc] µmol g
-1 DW 0.014 0.267 -0.015 0.691 -0.046 0.140 
  Daily Average Temp exc.   -0.334 0.078 0.789                 
  Daily Total PAR exc.   exc.   exc.                 
CAT Daily Average [CO2] exc.   exc.   -1.161    [Suc] µmol g
-1 DW 0.005 0.343 -0.008 0.627 0.021 0.452 
  Daily Average Temp exc.   exc.   0.318                 
  Daily Total PAR exc.   exc.   exc.                 
HSP70 Daily Average [CO2] -0.001   exc.   1.010    [Suc] µmol g
-1 DW - - 0.067 0.427 -0.009 0.298 
  Daily Average Temp exc.   exc.   -0.016                 
  Daily Total PAR exc.   exc.   exc.                 
LHCB5 Daily Average [CO2] exc.   0.881 0.048* -1.251    [Suc] µmol g
-1 DW -0.009 0.643 -0.057 0.559 0.003 0.784 
  Daily Average Temp exc.   exc.   0.883                 
  Daily Total PAR exc.   exc.   exc.                 
RBP Daily Average [CO2] exc.   exc.   0.930    [Suc] µmol g
-1 DW -0.003 0.671 0.005 0.817 0.004 0.822 
  Daily Average Temp exc.   exc.   1.240                 
  Daily Total PAR -0.140 0.098 exc.   exc.                 
SOD Daily Average [CO2] exc.   0.863 0.059 1.103    [Suc] µmol g
-1 DW 0.009 0.153 -0.006 0.558 -0.019 0.385 
  Daily Average Temp exc.   exc.   -0.187                 
  Daily Total PAR exc.   exc.   exc.                 
SS Daily Average [CO2] -1.000 0.006* exc.   1.234    [Suc] µmol g
-1 DW -0.023 0.006* 0.024 0.567 -0.019 0.577 
  Daily Average Temp exc.   exc.   -0.549                 





Table 23.  Summary of two-way ANOVA results for comparison of relative gene expression in 
August 2014 across CO2 treatments for new plants from Dumas Bay, WA eelgrass.  ANOVA 
table for Type III tests of fixed effects using the multivariate general linear model routine 
implemented in SPSS.  Log [CO2] was treated as a fixed factor. 
GOI Source 
Type III Sum of 
Squares df 
Mean 
Square F p 
PSBS log [CO2] 11.59 2 5.80 4.42 0.18 
CAT   3.25 2 1.63 5.44 0.16 
HSP70   0.13 2 0.06 0.08 0.93 
LHCB5   12.57 2 6.28 0.27 0.79 
RBP   1.00 2 0.50 0.92 0.52 
SOD   0.23 2 0.11 0.08 0.93 
SS   20.49 2 10.24 47.70 0.02* 
 
 
Gene expression comparison between populations 
PCA of the entire gene expression including both populations, three CO2 treatments and 
three months (November 2013, January 2014 and April 2014), did not separate the populations 
but showed a cluster indicating differences in November 2013 under intermediate CO2 (Fig. 
21a).  Two-way ANOVA of the entire gene expression values (−∆Ct) did not show significant 
differences for most genes of interest between the SBV and DBW populations growing in the 
experimental aquaria (Table 24).  The LHCB5 gene of both populations changed through time (p 
< 0.05, Table 24) and light appears to have been the primarily driver (Table 17 and Table 21).  
When comparing the gene expression of SOD between these populations, population x month x 




indicating that differential effects of CO2 on gene expression between the two populations 
depended on the month.   
Two-Way ANOVA found no differences in the gene expression between populations 
during November 2013.  At the same time, a cluster of the intermediate CO2 treatment was 
evident as shown in the PCA (Fig. 21a, Table 12).  During this month both populations 
demonstrated the same pattern under the intermediate CO2 treatment where PSBS and LHCB5 
gene expression was significantly lower and RBP and SS expression significantly higher than the 
other treatments (pH 7.5, 107µmol CO2·Kg
-1 SW) (Fig. 18).  At this time only SBV plant size 
showed a significant CO2 effect in the physiological data (Chapter 2).   
The two-way ANOVA for January 2014 including both populations only demonstrated a 
difference in the expression of the PSBS gene under intermediate CO2 (pH 7.5, 107µmol 
CO2·Kg




























Figure 21.  Principal Component Analyses of the −∆Ct values of eelgrass leaves growing at 
different CO2 concentrations from South Bay, VA and Dumas Bay, WA (a) including both 
populations, three CO2 treatments and three months (November 2013, January 2014 and April 
2014) (b) including three CO2 treatments and two populations in April 2014 (c) including three 
CO2 treatments and three populations (1
st and 2nd year transplanted SBV and 2nd year 
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Table 24.  Summary of two-way ANOVA results for comparison of relative gene expression 
during November 2013, January and April 2014 across eelgrass populations.  ANOVA table for 
Type III tests of fixed effects using the multivariate general linear model routine implemented in 
SPSS.  log [CO2], populations and month were treated as fixed factors. 
GOI Source Type III Sum of Squares df 
Mean 
Square F p 
PSBS Populations 19.27 1 19.27 2.37 0.14 
  month 50.94 2 25.47 3.13 0.07 
  log [CO2] 7.36 2 3.68 0.45 0.64 
  Pop X month 47.55 2 23.77 2.92 0.08 
  Pop X log [CO2] 5.99 2 3.00 0.37 0.70 
  month X log [CO2] 39.22 4 9.80 1.20 0.35 
  Pop X Month X log [CO2] 8.68 2 4.34 0.53 0.60 
CAT Populations 4.85 1 4.85 0.45 0.51 
  month 10.98 2 5.49 0.50 0.61 
  log [CO2] 1.18 2 0.59 0.05 0.95 
  Pop X month 9.24 2 4.62 0.42 0.66 
  Pop X log [CO2] 0.15 2 0.08 0.01 0.99 
  month X log [CO2] 1.47 4 0.37 0.03 1.00 
  Pop X Month X log [CO2] 23.19 2 11.60 1.07 0.37 
HSP70 Populations 18.84 1 18.84 1.25 0.28 
  month 45.73 2 22.87 1.52 0.25 
  log [CO2] 55.88 2 27.94 1.85 0.19 
  Pop X month 4.25 2 2.12 0.14 0.87 
  Pop X log [CO2] 29.91 2 14.96 0.99 0.39 
  month X log [CO2] 78.01 4 19.50 1.29 0.31 
  Pop X Month X log [CO2] 28.75 2 14.37 0.95 0.41 
LHCB5 Populations 3.07 1 3.07 0.10 0.76 
  month 278.54 2 139.27 4.56 0.03* 
  log [CO2] 102.45 2 51.23 1.68 0.22 
  Pop X month 3.45 2 1.73 0.06 0.95 
  Pop X log [CO2] 29.41 2 14.70 0.48 0.63 
  month X log [CO2] 125.49 4 31.37 1.03 0.42 
  Pop X Month X log [CO2] 72.11 2 36.06 1.18 0.33 
RBP Populations 1.03 1 1.03 0.18 0.68 
  month 18.83 2 9.42 1.61 0.23 
  log [CO2] 21.15 2 10.57 1.81 0.20 
  Pop X month 0.63 2 0.32 0.05 0.95 
  Pop X log [CO2] 0.15 2 0.07 0.01 0.99 
  month X log [CO2] 2.09 4 0.52 0.09 0.98 





Table 24 continued 
GOI Source Type III Sum of Squares df 
Mean 
Square F p 
SOD Populations 1.20 1 1.20 2.34 0.15 
  month 0.83 2 0.42 0.81 0.46 
  log [CO2] 1.64 2 0.82 1.60 0.23 
  Pop X month 2.15 2 1.08 2.09 0.16 
  Pop X log [CO2] 1.77 2 0.88 1.72 0.21 
  month X log [CO2] 11.00 4 2.75 5.34 0.01* 
  Pop X Month X log [CO2] 6.04 2 3.02 5.87 0.01* 
SS Populations 43.77 1 43.77 2.08 0.17 
  month 40.25 2 20.12 0.96 0.41 
  log [CO2] 39.77 2 19.89 0.95 0.41 
  Pop X month 24.19 2 12.10 0.57 0.57 
  Pop X log [CO2] 46.62 2 23.31 1.11 0.35 
  month X log [CO2] 6.66 4 1.67 0.08 0.99 





Table 25.  Summary of two-way ANOVA results for comparison of relative gene expression 
during November 2013 across eelgrass populations.  ANOVA table for Type III tests of fixed 
effects using the multivariate general linear model routine implemented in SPSS. log [CO2], 
populations and month were treated as fixed factors. 
GOI Source 
Type III Sum 
of Squares df 
Mean 
Square F p 
PSBS Populations 12.92 1 12.92 2.62 0.16 
  log [CO2] 71.45 2 35.73 7.23 0.03* 
  Pop* log [CO2] 0.00 1 0.00 0.00 0.99 
CAT Populations 0.00 1 0.00 0.00 0.97 
  log [CO2] 0.00 2 0.00 0.00 1.00 
  Pop* log [CO2] 0.08 1 0.08 0.02 0.89 
HSP70 Populations 0.90 1 0.90 0.27 0.62 
  log [CO2] 29.35 2 14.67 4.50 0.06 
  Pop* log [CO2] 2.69 1 2.69 0.83 0.40 
LHCB5 Populations 5.93 1 5.93 0.32 0.59 
  log [CO2] 262.03 2 131.02 7.05 0.03* 
  Pop* log [CO2] 9.58 1 9.58 0.52 0.50 
RBP Populations 0.22 1 0.22 0.10 0.76 
  log [CO2] 36.44 2 18.22 8.28 0.02* 
  Pop* log [CO2] 2.59 1 2.59 1.18 0.32 
SOD Populations 0.04 1 0.04 0.18 0.68 
  log [CO2] 2.87 2 1.43 5.83 0.04* 
  Pop* log [CO2] 1.91 1 1.91 7.76 0.03* 
SS Populations 0.22 1 0.22 0.03 0.87 
  log [CO2] 202.58 2 101.29 13.43 0.01* 




Table 26.  Summary of two-way ANOVA results for comparison of relative gene expression 
during January 2014 across eelgrass populations.  ANOVA table for Type III tests of fixed 
effects using the multivariate general linear model routine implemented in SPSS. log [CO2], 






Square F p 
PSBS Populations 3.34 1 3.34 2.03 0.20 
  log [CO2] 41.88 2 20.94 12.74 0.01* 
  log [CO2] X Pop 6.46 2 3.23 1.97 0.22 
CAT Populations 17.11 1 17.11 0.71 0.43 
  log [CO2] 0.65 2 0.33 0.01 0.99 
  log [CO2] X Pop 11.22 2 5.61 0.23 0.80 
HSP70 Populations 24.84 1 24.84 0.77 0.41 
  log [CO2] 137.81 2 68.90 2.14 0.20 
  log [CO2] X Pop 63.57 2 31.78 0.99 0.43 
LHCB5 Populations 0.02 1 0.02 0.00 0.97 
  log [CO2] 13.01 2 6.51 0.41 0.68 
  log [CO2] X Pop 29.81 2 14.91 0.94 0.44 
RBP Populations 0.03 1 0.03 0.01 0.91 
  log [CO2] 3.86 2 1.93 1.09 0.40 
  log [CO2] X Pop 0.19 2 0.10 0.05 0.95 
SOD Populations 0.20 1 0.20 0.30 0.60 
  log [CO2] 5.72 2 2.86 4.25 0.07 
  log [CO2] X Pop 1.58 2 0.79 1.18 0.37 
SS Populations 43.85 1 43.85 2.53 0.16 
  log [CO2] 36.70 2 18.35 1.06 0.40 




The PCA and two-way ANOVA for April 2014 did not reveal differences in mean gene 
expression between populations or CO2 treatments for most genes of interest (Fig. 21b and Table 
14).  However, catalase (CAT) showed a significant interaction term, between population and log 
[CO2], showing that the gene expression of CAT is different between the populations only under 
intermediate and ambient CO2 during spring (Fig. 19a, Table14). 
When comparing 2nd-year transplants from SBV, 2nd-year transplants from DBW and 
acclimated SBV in August 2014, PCA did not separate the populations or the CO2 treatments 
suggesting that the populations experienced the same gene expression changes (Fig. 21c).  
August 2014 two-way ANOVA did not show significant differences in most of the GOI across 
populations (Table 15).  However, populations showed differences in the gene expression of 
PSBS (Fig.18a, p< 0.05, Table 15) where 2nd-year transplants from DBW showed a lower 
expression under ambient CO2 (pH 8, 55µmol CO2·Kg
-1 SW) while 2nd-year transplants from 





Table 27.  Summary of two-way ANOVA results for comparison of relative gene expression 
during April 2014 across eelgrass populations.  ANOVA table for Type III tests of fixed effects 
using the multivariate general linear model routine implemented in SPSS. log [CO2], populations 
and month were treated as fixed factors. 
GOI Source 
Type III Sum of 
Squares df 
Mean 
Square F p 
PSBS Populations 57.82 1 57.82 3.07 0.14 
  log [CO2] 1.07 2 0.53 0.03 0.97 
  log [CO2] X Pop 7.97 2 3.99 0.21 0.82 
CAT Populations 0.07 1 0.07 0.08 0.79 
  log [CO2] 1.51 2 0.76 0.80 0.50 
  log [CO2] X Pop 12.04 2 6.02 6.39 0.04* 
HSP70 Populations 3.14 1 3.14 0.56 0.49 
  log [CO2] 4.74 2 2.37 0.42 0.68 
  log [CO2] X Pop 1.29 2 0.64 0.11 0.89 
LHCB5 Populations 5.53 1 5.53 0.10 0.77 
  log [CO2] 17.57 2 8.78 0.16 0.86 
  log [CO2] X Pop 67.95 2 33.98 0.60 0.58 
RBP Populations 0.12 1 0.12 0.01 0.93 
  log [CO2] 6.11 2 3.06 0.22 0.81 
  log [CO2] X Pop 0.57 2 0.29 0.02 0.98 
SOD Populations 2.38 1 2.38 4.14 0.10 
  log [CO2] 1.22 2 0.61 1.06 0.41 
  log [CO2] X Pop 5.73 2 2.87 4.99 0.06 
SS Populations 0.08 1 0.08 0.00 0.96 
  log [CO2] 11.13 2 5.56 0.14 0.87 




Table 28.  Summary of two-way ANOVA results for comparison of relative gene expression 
during August 2014 across eelgrass populations.  ANOVA table for Type III tests of fixed effects 
using the multivariate general linear model routine implemented in SPSS.  log [CO2] and 
populations were treated as fixed factors. 
GOI Source Type III Sum of Squares df 
Mean 
Square F p 
PSBS Populations 24.88 2 12.44 5.51 0.04* 
  log [CO2] 34.22 3 11.41 5.06 0.04* 
  Pop X log [CO2] 11.19 3 3.73 1.65 0.26 
CAT Populations 16.53 2 8.26 1.27 0.34 
  log [CO2] 6.55 3 2.18 0.33 0.80 
  Pop X log [CO2] 13.55 3 4.52 0.69 0.59 
HSP70 Populations 4.57 2 2.28 0.42 0.67 
  log [CO2] 10.68 3 3.56 0.66 0.60 
  Pop X log [CO2] 1.36 3 0.45 0.08 0.97 
LHCB5 Populations 1.66 2 0.83 0.05 0.95 
  log [CO2] 6.91 3 2.30 0.15 0.93 
  Pop X log [CO2] 41.71 3 13.90 0.92 0.48 
RBP Populations 2.23 2 1.12 0.37 0.71 
  log [CO2] 2.59 3 0.86 0.28 0.84 
  Pop X log [CO2] 1.74 3 0.58 0.19 0.90 
SOD Populations 1.93 2 0.96 0.53 0.61 
  log [CO2] 1.15 3 0.38 0.21 0.89 
  Pop X log [CO2] 1.20 3 0.40 0.22 0.88 
SS Populations 17.06 2 8.53 0.44 0.66 
  log [CO2] 48.70 3 16.23 0.83 0.52 





The results revealed an agreement in the gene expression of two eelgrass populations to CO2 
availability and temperature.  Both eelgrass populations revealed that photosynthetic gene 
expression changed through time in response to seasonal variation in light.  Stress genes were 
affected by seasonal temperature but genes did not respond to CO2 enrichment.  For some genes 
the transcriptome profiles only differed across CO2 treatments when the largest sucrose changes 
were observed.  This implies that the differences observed at different time points, particularly 
during spring, under CO2 enrichment in survival, chemical composition and plant performance 
were not reflected by the expression of all selected genes (Chapter 2).  In general, six out of 
seven genes associated to temperature stress response, carbon fixation and photosynthesis 
changed during at least one time point when Z. marina was exposed to different seasons in the 
experimental facility.  
Light played a major role where the expression patterns of the photosynthetic genes were 
regulated in the same direction across CO2 treatments.  LHCB5 gene, encoded by members of 
the nuclear LHC gene family and located between the PSII core and the major LHCII complex 
(Bassi et al., 1997), increased its expression during high light months and decreased in low light 
months.  Simultaneously, expression of the PSBS gene, specifically coding for a protein involved 
in non-photochemical quenching rather than photosynthesis, increased during high light months 
and decreased in low light months.  The changes in expression of the photosynthetic machinery 
during high light months suggests acclimation to maintain an efficient photosynthetic 
performance that enables the plants to process the high amount of harvested energy and to reduce 
damage of the photosynthetic apparatus (Walters, 2005).  Plants acclimate to the light 




slower response to light, but regulating Chl-a/b binding proteins such as LHCB5 produces a 
quicker response to changes in light.  Our gene expression data are consistent with short-term (2 
weeks) seagrass studies, which suggest that environmental factors (salinity, temperature, light 
intensity and light quality) other than increased CO2, may be at a play affecting photosynthetic 
metabolism (Kong et al. 2016, Olivé et al. 2017).  
Eelgrass populations under CO2 enrichment presented morphological acclimation increasing 
shoot numbers, growth, plant size and sucrose concentration resulted from improved 
photosynthetic capacity (Chapter 2 (Invers et al. 2001, Celebi 2016, Zimmerman et al. 2017).  
However, the photosynthetic genes (PSBS and LHCB5) representing two of many 
photosynthetic proteins did not reflect the physiological changes previously observed where CO2 
availability increased photosynthesis and affected the photosynthetic pigments.  Under ambient 
CO2 (pH 8, 55µmol CO2·Kg
-1 SW) chlorophyll concentration decreased and increased under 
high CO2 treatments (pH 6.5, 823µmol CO2·Kg
-1 SW) (Zimmerman et al. 2017, Celebi et al. 
2021).  For example, in winter and spring a large contrast of chlorophyll concentrations across 
CO2 treatments was observed (Zimmerman et al. 2017), however PSBS show significant 
differences among CO2 treatments in winter but not during spring and LHCB5 did not show 
differences across treatments during this time but showed differences in late summer when plants 
experienced high light.  
Carbohydrate metabolism transcripts, RBP and SS, were expected to respond to CO2 
enrichment.  The Rubisco large subunit-binding protein subunit alpha, binds the small and large 
subunits of Rubisco, assist in the assembly of the enzyme oligomer and support folding.  The 
effects of temperature and irradiance during spring on the low expression of RBP agree with 




during hight light and high temperature months, i.e., August 2014, where an increase across CO2 
treatments was observed.  These carbon metabolism genes were similar across CO2 treatments 
but changed their expression through time and appeared to be opposite to the light reaction 
genes.  A similar response between carbon metabolism genes and light reaction genes expression 
was observed under different light treatments in a previous experiment with European coast 
eelgrass but without CO2 or thermal manipulations (Salo et al. 2015).  Also,  Arabidopsis sp. 
which shows lower expression of Rubisco interacting proteins genes under CO2 treatments had 
presented an opposite response to genes coding for PS2 proteins (Kaplan et al. 2012).  
Conversely, Rubisco decreases across different plant species under CO2 availability (Moore et al. 
1998).  This protein is regulated by the small subunit protein levels therefore measuring the gene 
expression of the Rubisco small subunit could better represent the changes in Rubisco under CO2 
availability (Moore et al. 1998, Moore et al. 1999).  Using large-scale gene expression changes 
under similar ambient CO2 conditions the seagrass Cymodocea nodosa demonstrated 
upregulation of the small subunit of Rubisco (Ruocco et al. 2017).  This differential response 
between transcripts and proteins involved in Rubisco synthesis suggests a complicated 
combination of transcriptional and protein processes to determine the final amount of leaf 
Rubisco protein under different CO2 conditions (Cheng et al. 1998).  However, in today’s ocean 
CO2 is a limited substrate for seagrasses resulting in higher total protein content maintaining high 
metabolic capacity (Piro et al. 2020).  Although it may seem wasteful in terms of nitrogen to 
retain high and stable levels of metabolic enzymes under ambient/low CO2, it may give seagrass 
a huge buffer capacity to grab and process photosynthetic carbon when available.  The 
instantaneous photosynthetic response to CO2 exhibited by seagrass leaves indicates that even 




carbon fixation and sucrose formation capacity to operate at much higher rates when CO2 is 
available (Chapter 2 (Celebi 2016, Zimmerman et al. 2017).  The lack of a differential response 
in the transcriptome under ambient/low CO2 agrees with that potential capacity. 
The SS gene plays a key role in carbon metabolism encoded by a small multigene family for 
a protein that catalyzes sucrose cleavage in the presence of a nucleoside diphosphate (Winter & 
Huber 2000, Xu et al. 2019)(EC 2.4.1.13).  This gene shows distinct patterns of expression in 
different organs in angiosperms and has been found to be highly variable between genotypes of 
Z. marina in light experiments (Salo et al. 2015, Xu et al. 2019).  Moreover, in experiments of Z. 
marina under temperature stress with no CO2 subsidy, the SS gene has shown downregulation 
and increase in sucrose metabolites while presenting upregulation and a decrease in growth 
under anoxia (Gu et al. 2012, Zhang et al. 2021).  Sucrose is a critical factor that controls SS 
gene expression serving as a strong inducer for this gene (Avigad & Dey 1997).  Sucrose 
accumulation resulting from elevated CO2 availability in Z. marina (Chapter 2, (Zimmerman et 
al. 2017) did not result in SS gene expression differences across treatments except in September 
2013 and April 2014 when sucrose differences across the CO2 treatments were very pronounced, 
when leaf sugar concentration in the high CO2 treatment was 2 to 3 fold higher for SBV.  
However, when the differences of sucrose content across treatments were smaller, the SS gene 
expression did not differ across CO2 treatments but changed with the seasons.  Sugar 
concentrations increased in all CO2 treatments during January and February 2014 for both 
populations (Chapter 2), is during that time that the SS gene expression decreased across CO2 
treatments.  Thus, sugar levels may modify relative expression of the SS genes for Z. marina 
leaves as has been found in maize roots and rice scutellum (Karrer & Rodriguez 1992, Koch et 




Previous studies suggest that elevated CO2 decreases oxidative stress, therefore 
decreasing the activity of antioxidant enzymes such as CAT and SOD (Azevedo et al. 1998).  
CAT is indispensable for reactive oxygen species (ROS) detoxification during stress, when the 
level of hydrogen peroxide gets too high (Mittler, 2002).  The CAT gene did not respond to CO2 
or seasons suggesting that Z. marina plants are not activating this protective mechanism, 
similarly to the response of Posidonia oceanica under elevated CO2 growing in the vicinity of 
submarine volcanic vents (Lauritano et al. 2015).  Specific responses of Arabidopsis thaliana 
and soybean plants also showed that the activities and gene transcription expression levels of 
ROS scavenging enzymes at elevated CO2 did not change (Casteel et al. 2008, Zinta et al. 2014).  
However, experiments of sucrose deprive cell cultures resulted in the increase of catalase 
transcripts (Contento et al. 2004, Contento & Bassham 2010) suggesting how carbon reserves 
influence its activity.  Eelgrass from SBV showed sucrose accumulation under intermediate and 
high CO2 in Z. marina (Chapter 2) resulting in a differential CAT gene expression across CO2 
treatments in September 2013 and April 2014 when leaf sucrose concentrations across treatments 
were significantly different.  As SS expression, CAT gene expression only differed across CO2 
treatments when the differences of sucrose content across treatments were large.  This also 
suggests that shoots with low carbon reserves as Z. marina under ambient CO2 might increase 
the catalase activity to support metabolic repair maybe negatively impacting their performance 
resulting in low survival, growth and smaller sizes (Chapter 2). 
Although SOD did not respond to CO2, it increased significantly in summer, potentially 
increasing thermal stress tolerance.  This may be a common response of Z. marina under thermal 
stress where the only antioxidant gene activated is SOD possibly being among the first 




during late summer also induced the high expression of HSP70 in the two eelgrass populations 
across CO2 treatments in accordance with their role to re-establish normal protein conformation 
and thus cellular homeostasis (Wang et al. 2004).  Heat stress experiments performed on eelgrass 
populations without a CO2 subsidy revealed significant up-regulation of HSPs genes in line with 
shoot losses (Reusch et al. 2008, Bergmann et al. 2010, Winters et al. 2011, Gu et al. 2012, 
Franssen et al. 2014).  Despite differences in survival during the experiment across CO2 
treatments particularly during January and April 2014 (Chapter 2), HSP70 did not respond to the 
CO2 treatments.  
In this experiment both eelgrass populations showed the same gene expression response to 
CO2 even though differed in physiological and metabolomic responses.  Therefore, transcriptome 
profiles by themselves did not predict how gene expression translates into physiological (i.e. 
survival) and metabolic consequences because the regulation is multifaceted from genes, proteins 
to metabolites (Kaplan et al. 2012).  Further, the totality of these results leading to an integrated 
whole-plant responses suggests non-transcriptomic controls on protein activity/function; in 
particular the concentrations of sucrose and other carbon metabolic intermediates may be more 
influential than the transcriptome in determining the response of eelgrass to environmental stress 
such as low CO2 where seagrasses present low survival and lower photosynthetic rates (Chapter 






In today’s ocean seagrasses are carbon limited and experience increases in temperature 
stress, poor water quality and physical destruction (Zimmerman et al. 1997).  However, 
seagrasses photosynthesis and growth are demonstrably stimulated by increasing CO2 
concentration (Beer 1989, Durako 1993, Zimmerman et al. 1995, Koch & Beer 1996, 
Zimmerman et al. 2017).  Exploring the impacts of CO2 availability and temperature on the 
widely distributed Z. marina showed the degree of morphological and physiological plasticity 
between geographically isolated populations.  Long term growth under high CO2 conditions 
produced significant positive effects on photosynthesis and leaf sucrose on all populations, but 
the Cheasepeake Bay population, South Bay (SBV), was most responsive to CO2 availability in 
terms of whole plant survival, shoot size and growth.  CO2 also helped eelgrass from the cool 
waters of Puget Sound, Dumas Bay (DBW), to survive summer temperatures exceeding the 25° 
C threshold increasing their shoot numbers, growth, plant size and sucrose concentration, but did 
not respond as well as SBV.  On the other hand, the Nisqually Bay (NBW) plants experienced 
mass mortality regardless of CO2 treatment even though plants did not show metabolic stress and 
a similar performance as the other eelgrass populations.  Differences in population survival 
responses to CO2 availability observed here point to differences in the acclimation ability of the 
populations, some of which may be related to carbon balance but some of which are related to 
other processes. 
SBV and DBW showed similar whole plant responses to CO2 in terms of leaf sucrose, 
growth, and shoot numbers suggest common effects of CO2 enrichment however, differences in 




metabolic pathways leading to whole plant responses.  During spring DBW showed higher 
abundances of photorespiratory and stress-related compounds than SBV regardless of CO2 
treatments.  While under low CO2 both populations demonstrated elevated metabolites involved 
in biotic/abiotic stress responses.  However, the abundance of the photorespiratory metabolites 
were higher in DBW leaves than in SBV leaves under low CO2.  Metabolomics analyses 
revealed that CO2 enrichment increased the abundance of  metabolites involved carbon fixation 
and nitrogen assimilation metabolites while suppressing the abundance of stress-related 
metabolites.  Similarly, gene expression analyses under CO2 enrichment during spring showed 
lower expression of stress genes (CAT) demonstrating an agreement between transcripts and 
metabolites involved in stress response.   
Both eelgrass populations revealed that gene expression changed through time 
responding to changes in light availability and temperature but the effect of CO2 on gene 
expression was season dependent.  This implies that all the differences observed on the leaves 
under CO2 enrichment in growth rate and plant performance were not reflected by the gene 
expression of all selected genes.  The results showed that photosynthetic genes changed in 
response to light and some stress genes were affected by temperature while others affected by 
sucrose concentration.  This outcome suggests non-transcriptomic controls on protein 
activity/function, especially the concentrations of carbon metabolism substrates, i.e. sugars, may 
be more influential than the transcriptome in determining the response of eelgrass under low CO2 
where seagrasses present low survival and lower photosynthetic rates.  Previous studies suggest 
future ocean warming will be a foremost determinant stressor influencing seagrass survival and 
physiological performance (Repolho et al. 2017, Collier et al. 2018) and that may well be the 




accumulate sufficient carbon reserves to support growth and modify stress-related metabolites 
and genes. 
One limitation of this research was the ability to capture the early molecular response to 
better relate transcriptional and metabolite changes to the physiological effects.  However, to 
detect early responses maybe frequent sampling of biochemical indicators such as sugars 
varieties or proteins might be adequate to provide a good measure of seagrass response under 
climate change since morphological measurements are not dynamic enough (Govers et al. 2015, 
Roca et al. 2015, Soerensen 2020).  For example, Z. marina biochemical changes under CO2 
availability were noticeable after 2-3 months in which pigments and sucrose concentration 
increased (Chapter 2, (Celebi 2016, Zimmerman et al. 2017). 
Previous studies had shown that seagrasses decrease their total protein content where 
nitrogen became diluted as biomass increased with CO2 availability (Jiang et al. 2010, Alexandre 
et al. 2012, Procaccini et al. 2017, Piro et al. 2020).  Since CO2 availability influences sucrose 
dynamics and other metabolic pathways; research is needed to explore metabolic pathways of 
nitrogen and the interaction between carbon and nitrogen under CO2 availability.  Therefore, 
future studies of seagrasses should explore the differences in the nitrogen assimilation ability of 
the populations under CO2 availability. 
The wide distribution of Z. marina is evidence of the high plasticity and acclimation capacity 
of this angiosperm.  The findings of this dissertation tried to provide a holistic examination of 
how the environment (CO2 and temperature) influences performance features linked to plant 
survival.  The metabolite and gene expression profiles generated here, in combination with 
analysis of whole-plant performance, offer a new understanding into the seagrass ability to adapt 




will depend in the clear understanding of multivariate stress responses (nutrients limitation, light 
availability, pathogens, invasive species) under CO2 enrichment and their role in seagrass 
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Figure 22. Monthly linear regressions of percent survival mean against log [CO2] (♦) South Bay, VA (■) Dumas Bay, WA  and (▲) 
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% Relative Growth 
 
Figure 23. Monthly linear regressions of the mean of relative growth  against log [CO2] (♦) South Bay, VA (■) Dumas Bay, WA  and 
(▲) Nisqually Bay, WA. 
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Figure 23 continued 
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% Original Plant size 
 
Figure 24. Monthly linear regressions of the mean of original plant size against log [CO2] (♦) South Bay, VA (■) Dumas Bay, WA  
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%Orig Plant Size June 2013 
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%Orig Plant Size July 2013 
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%Orig Plant Size Aug 2013 
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%Orig Plant Size Sep 2013 
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Figure 24 continued 
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%Orig Plant Size Jan 2014 
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%Orig Plant Size Feb 2014 
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%Orig Plant Size March 2014 
y = 21.399x + 34.347
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Sucrose concentration (µmol g-1 DW)
 
Figure 25. Monthly linear regressions of sucrose concentration mean against log [CO2] (♦) South Bay, VA (■) Dumas Bay, WA  and 
(▲) Nisqually Bay, WA. 
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Total chlorophyll per LA (µg Chl/cm2)  
 
Figure 26. Monthly linear regressions of total chlorophyll mean against log [CO2] (♦) South Bay, VA (■) Dumas Bay, WA  and (▲) 
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Figure 27. Monthly linear regressions of chlorophyll a:b ratio against log [CO2] (♦) South Bay, VA (■) Dumas Bay, WA  and (▲) 
Nisqually Bay, WA. 
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Table 29.  Monthly slopes statistics of the percent original population vs. log [CO2] derived from 
linear regression analysis. 
% Survival 
Month Population Slope  R2 F p 
May SBV 0 - - - 
  DBW 0 - - - 
  NBW 0 - - - 
June SBV -7.78 0.92 33.82 0.01* 
  DBW 25.33 0.26 1.07 0.38 
  NBW -3.86 0.03 0.09 0.78 
July SBV -7.71 0.74 8.53 0.06 
  DBW -4.18 0.06 0.2 0.68 
  NBW -24.05 0.36 1.71 0.28 
Aug SBV 11.16 0.07 0.24 0.66 
  DBW 12.18 0.2 0.75 0.45 
  NBW -21.27 0.6 4.58 0.12 
Sep SBV 40.13 0.19 0.71 0.46 
  DBW 12.41 0.06 0.17 0.70 
  NBW 4.83 0.06 0.21 0.68 
Oct SBV 53.62 0.35 1.59 0.30 
  DBW 13.42 0.07 0.22 0.69 
  NBW -3.11 0.03 0.06 - 
Nov SBV 74.36 0.67 6.11 0.09 
  DBW 30.38 0.23 0.9 0.41 
Dec SBV 98.84 0.87 19.81 0.02* 
  DBW 44.62 0.35 1.66 0.29 
Jan SBV 110.97 0.94 49.39 0.005* 
  DBW 63.02 0.70 6.93 0.078 
Feb SBV 87.51 0.90 27.49 0.013* 
  DBW 79.54 0.97 106.6 0.001* 
March SBV 111.45 0.96 88.49 0.002* 
  DBW 92.37 0.9 29.27 0.012* 
April SBV 87.93 0.96 72.82 0.003* 
  DBW 117.83 0.88 23.84 0.016* 
May SBV 93.52 0.97 97.78 0.002* 




Table 30.  Monthly slopes statistics of the relative growth rates vs. log [CO2] derived from linear 
regression analysis. 
% Growth rate 
Month Population Slope  R2 F p 
May SBV -0.22 0.69 6.76 0.08 
  DBW 0.26 0.31 1.37 0.33 
  NBW 0.24 0.1 0.33 0.60 
June SBV -0.29 0.27 1.14 0.36 
  DBW -0.49 0.37 1.82 0.27 
  NBW -1.68 0.72 8.04 0.06 
July SBV -0.13 0.2 0.73 0.45 
  DBW 0.74 0.66 5.86 0.09 
  NBW -0.52 0.48 2.78 0.19 
Aug SBV 0.06 0.009 0.029 0.87 
  DBW -0.86 0.60 4.49 0.12 
  NBW -2.76 0.64 5.48 0.10 
Sep SBV 0.06 0.03 0.083 0.79 
  DBW -0.08 0.03 0.09 0.77 
  NBW -3.57 0.75 3.09 0.33 
Oct SBV 0.13 0.10 0.34 0.60 
  DBW 0.27 0.20 0.78 0.44 
Nov SBV 0.03 0.01 0.03 0.87 
  DBW 0.85 0.65 5.67 0.09 
Dec SBV -0.19 0.32 1.42 0.32 
  DBW 0.30 0.38 1.80 0.27 
Jan SBV 0.12 0.29 1.2 0.35 
  DBW -0.22 0.03 0.08 0.80 
Feb SBV 0.09 0.07 0.24 0.66 
  DBW 0.25 0.66 5.88 0.09 
March SBV -0.50 0.77 10.27 0.05 
  DBW - - - - 
April SBV -0.13 0.07 0.24 0.65 
  DBW -0.08 0.005 0.02 0.90 
May SBV 0.38 0.42 2.23 0.23 




Table 31.  Monthly slopes statistics of the percent plant size vs. log [CO2] derived from linear 
regression analysis. 
%Plant size 
Month Population Slope  R2 F p 
May SBV 5.51 0.03 0.09 0.78 
  DBW -7.48 0.13 0.47 0.54 
  NBW -38.69 0.33 1.48 0.31 
June SBV 6.40 0.82 0.20 0.64 
  DBW 44.92 0.24 0.98 0.39 
  NBW -42.70 0.25 1.01 0.39 
July SBV -0.62 0.00 0.002 0.97 
  DBW -10.85 0.04 0.12 0.75 
  NBW 28.34 0.15 0.51 0.52 
Aug SBV 24.01 0.58 4.09 0.14 
  DBW 17.45 0.26 1.05 0.38 
  NBW 24.05 0.37 1.75 0.27 
Sep SBV 32.72 0.19 0.72 0.46 
  DBW 29.18 0.45 2.43 0.22 
  NBW 8.02 0.77 3.38 0.31 
Oct SBV 90.24 0.78 11.19 0.04* 
  DBW 42.80 0.46 2.52 0.21 
Nov SBV 63.70 0.86 17.84 0.02* 
  DBW 31.12 0.50 3.05 0.18 
Dec SBV 51.72 0.85 16.51 0.03* 
  DBW -7.77 0.03 0.10 0.77 
Jan SBV 32.29 0.91 30.97 0.01* 
  DBW 27.60 0.13 0.47 0.54 
Feb SBV 38.82 0.90 30.29 0.01* 
  DBW 12.01 0.28 1.18 0.35 
March SBV 23.89 0.56 3.80 0.14 
  DBW -11.22 0.31 1.35 0.33 
April SBV 21.39 0.29 1.23 0.35 
  DBW 4.05 0.00 0.02 0.89 
May SBV 71.68 0.71 7.48 0.07 




Table 32.  Monthly slopes statistics of the sucrose concentration vs. log [CO2] derived from 
linear regression analysis. 
[Sucrose] 
Month Population Slope  R2 F p 
June SBV 82.54 0.87 20.43 0.02* 
  DBW 17.01 0.46 2.55 0.21 
  NBW 44.80 0.62 4.89 0.11 
July SBV 97.69 0.71 7.35 0.07 
  DBW 163.24 0.81 13.18 0.04* 
  NBW 70.61 0.21 0.79 0.44 
Aug SBV 209.70 0.79 11.04 0.04* 
  DBW 93.93 0.61 4.82 0.11 
  NBW 23.17 0.02 0.05 0.83 
Sep SBV 180.73 0.71 7.66 0.07 
  DBW 108.96 0.95 55.43 0.00* 
  NBW 170.60 0.82 4.76 0.27 
Oct SBV 175.02 0.61 4.75 0.11 
  DBW 130.94 0.45 2.54 0.21 
Nov SBV 121.73 0.75 9.22 0.06 
  DBW 19.67 0.04 0.15 0.72 
Dec SBV 108.32 0.90 29.1 0.01* 
  DBW -35.61 0.11 0.40 0.57 
Jan SBV 92.02 0.72 7.56 0.07 
  DBW -10.54 0.006 0.02 0.90 
Feb SBV 114.77 0.46 2.59 0.21 
  DBW 13.65 0.03 0.09 0.77 
March SBV 112.72 0.87 20.51 0.02* 
  DBW 70.08 0.67 6.13 0.09 
April SBV 124.55 0.88 23.51 0.02* 
  DBW 117.35 0.96 82.29 0.002* 
May SBV 50.35 0.92 34.87 0.009* 




Table 33.  Monthly slopes statistics of photosynthetic pigments per leaf area vs. log [CO2] 
derived from linear regression analysis. 
T Chl 
Month Population Slope  R2 F p 
May SBV 0 - - - 
  DBW 0 - - - 
  NBW 0 - - - 
July SBV -2.42 0.15 0.52 0.52 
  DBW -6.70 0.53 3.48 0.16 
Aug SBV -6.08 0.98 224.01 0.00* 
  NBW -22.88 0.92 11.47 0.18 
Sep SBV -3.78 0.58 4.17 0.13 
  DBW -10.73 0.22 0.58 0.52 
 
 
Table 34.  Monthly slopes statistics of the of photosynthetic pigments chl a:b vs. log [CO2] 
derived from linear regression analysis. 
Chl a:b 
Month Population Slope  R2 F p 
May SBV 0 - - - 
  DBW 0 - - - 
  NBW 0 - - - 
July SBV 0.61 0.50 3.03 0.80 
  DBW 0.22 0.13 0.46 0.10 
Aug SBV 0.25 0.98 140.91 0.001* 
  NBW 0.55 0.92 11.93 0.18 
Sep SBV -0.04 0.58 4.23 0.13 




LC-MS and GC-MS Parameters 
Table 35.  Parameters applied to GC-MS chromatograms with Metabolite Detector 2.5 for the 
obtaining of the metabolomic profiles of Eelgrass. 
 
Tool settings 
Centroid  Threshold begin 10 
 Peak threshold end -5 
 Maximal baseline 30 
 FWHM 0.1 
Deconvolution  Peak threshold 10 
 Minimum peak height 10 
 Deconvolution width (scans) 8 
Identification  Max RI difference 20 
 Cutoff score 0.6 
 Pure/Impure 0.6 
 Scaled lib Yes 
 Combined score Yes 
Quantification Minimal distance 0.5 
 Minimal required quality index 1 





Batch quantification Settings 
Compound matching ARI 20 
 Pure/Impure 0.6 
 Req. Score 0.6 
 RI+Spec OK 
Identification ARI 20 
 Pure/Impure 0.6 
 RI+Spec OK 
Other settings Compound reproducibility 0 
 Max. Peak drisc. index 100 
 S/N 15 
 Number of ions 4 





Table 36.  Score, retention index (RI), retention time (RT) and signal to noise ratio (S/N) of the 














-Ketoglutaric Acid 0.86 13.85 13.91 14.43 YES 
Arabitol 0.85 15.60 15.5 47.47 YES 
Caffeic Acid 0.98 19.75 19.82 66.07 YES 
Citric Acid 0.9 16.83 16.77 84.86 YES 
D-Arabinose 0.89 15.19 15.28 22.82 YES 
D-Lyxosylamine 0.91 14.73 14.74 89.01 YES 
D-Malic Acid 0.92 12.79 12.85 143.04 YES 
D-Mannose 0.96 17.66 17.72 77.96 YES 
D-Trehalose 0.81 25.20 25.22 74.59 YES 
Fructose 0.89 17.28 17.44 458.08 YES 
Galactonic Acid 0.88 18.77 18.73 45 YES 
Glyceric Acid 0.94 10.73 10.78 26.84 YES 
Glycerol-3-Phosphate 0.93 16.05 16.17 58.68 YES 
Glycine 0.99 10.45 10.44 26.99 YES 
L-DOPA 0.76 19.08 19.24 107.04 YES 
L-Glutamic Acid 0.86 13.33 13.34 22.99 YES 
L-Glutamic Acid 0.93 13.23 13.27 147.83 YES 
L-Proline 0.96 10.32 10.3 128.18 YES 
L-Sorbose 0.72 17.23 17.55 364.34 YES 
Linoleic Acid 0.84 20.39 20.4 11.92 YES 
Myo-Inositol 0.93 19.70 19.62 604.44 YES 
N-Acetyl-L-Glutamic Acid 0.62 13.06 12.94 66.37 YES 
Palmitic Acid 0.93 18.84 18.86 104.36 YES 
Shikimic Acid 0.84 16.43 16.6 23.86 YES 
Sucrose 0.93 24.41 24.36 707.99 YES 
Turanose 0.77 24.81 24.76 67.47 YES 
2-Hydroxybutyric Acid 0.89 7.85 7.92 19.86 NO 
4-Hydroxybenzoic Acid 0.81 14.50 14.49 32.52 NO 
Arbutin 0.79 23.39 23.37 20.87 NO 
Coniferyl alcohol 0.62 17.97 18 10.59 NO 
D-Gluconic Acid 0.83 18.31 18.4 10.58 NO 
D-Glucose 0.77 17.98 18.07 51.68 NO 
D-Glucuronic Acid 0.65 18.15 18.13 16.73 NO 
D-Sorbitol 0.8 17.89 17.91 23.75 NO 
Dehydroascorbic Acid 0.81 18.01 18.28 4 NO 
L-Glutamine 0.71 12.71 12.66 21.23 NO 
Lactulose 0.78 23.86 23.88 82.46 NO 
Lactulose 0.67 24.43 24.23 33.02 NO 
Methyl--D-Galactopyranoside 0.64 16.93 16.87 31.65 NO 
N-acetyl-L-cysteine 0.75 15.24 15.27 14.99 NO 
Norvaline 0.92 9.46 9.15 12.02 NO 
Ribitol 0.84 15.66 15.67 6.21 NO 
Ribonic Acid, -Lactone 0.61 15.05 14.64 22.47 NO 
Rosmarinic Acid 0.63 29.69 29.51 12.71 NO 
Scyllo-inositol 0.82 19.10 18.99 9.02 NO 




Table 37.  Parameters applied to LC-MS RAW files with MZMine 2.26 (Pluskal et al., 2010) to 
obtain the metabolomic fingerprintings of eelgrass samples from both positive and negative 
ionization modes. 
  (+H) Chromatograms  (-H) Chromatograms 
1 Baseline correction – 
RollingBall baseline 
corrector 
   
Chromatogram type TIC  TIC 
Use m/z bins No  No 
wm 25  25 
ws 25  25 
2 Mass detection (exact Mass)    
Noise level 1 × 104  1 × 103 
3 Chromatogram builder 
(ADAP)58 
   
Min group size in num. of 
scans 
3  3 
Group intensity threshold 1 × 104  1 × 103 
Min highest intensity 1 × 105  1 × 104 
m/z tolerance 0.0005 or 6ppm  0.0005 or 6ppm 
4 Smoothing    




   
Chromatographic threshold 40%  40% 
Search minimum in RT range 
(min) 
0.25  0.25 
Minimum relative height 50%  50% 
Minimum absolute height 1 × 104  1 × 103 
Minimum ratio of peak 
top/edge 
1.5  1.5 
Peak duration range 0-2 min  0-2 min 
6 Isotopic peak grouper    
m/z tolerance 0.0005 or 6ppm  0.0005 or 6ppm 
Retention Time tolerance 0.25 min  0.25 min 
Max charge 1  1 
Representative isotope Most intense  Most intense 
7 Retention Time Normalizer    
 m/z tolerance 0.0005 or 6ppm  0.0005 or 6ppm 
 Retention Time tolerance 0.25 min  0.25 min 
 Minimum Standard Intensity 1 × 105  1 × 104 
8 Chromatogram alignment 
(join alignment) 
   
m/z tolerance 0.0005 or 6ppm  0.0005 or 6ppm 
Weight for m/z 80  80 
RT tolerance 0.25  0.25 






37 continued    
7 Gap filling (Peak Finder)    
Intensity tolerance 60%  60% 
m/z tolerance 0.0005 or 6ppm  0.0005 or 6ppm 
Retention time tolerance 0.2  0.2 
RT correction Yes  Yes 
8 Metabolite Assignation    
m/z tolerance 0.0005 or 6ppm  0.0005 or 6ppm 
RT tolerance 0.25  0.25 




Table 38.  Retention time (RT) and mass to charge ratio (m/z) of the deconvoluted ions in both 
negative and positive ionization modes assigned to metabolites with MZmine v.2.26 for LC-MS 
chromatograms.  The assignment of the metabolites was based on the exact mass and RT of 
standards.  RT and m/z of the standards are shown in the table.  Error of m/z and RT of assigned 
ions to metabolites respect the m/z and RT of standards are shown.  After applying the 
chromatogram builder and deconvolution algorithms from MZmine, several ions with the same 
exact mass may have been separated into two or more independent deconvoluted peaks 
presenting slightly different retention times.  The following table show all the peaks assigned to a 
molecular compound based on the exact mass of their parent ion (in negative or positive mode).  
In the main manuscript, all identified metabolic features assigned to a same metabolite were 




m/z and RT of each ion assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
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0.00 1.73 0.00 










































































Table 38 continued 
  
m/z and RT of each ion assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
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Table 38 continued 
  
m/z and RT of each ion assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
Ionizati
on mode 
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Table 38 continued 
  
m/z and RT of each ion assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
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Table 38 continued 
  
m/z and RT of each ion  assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
Ionizati
on mode 
Name m/z RT m/z RT m/z m/z RT 






































































































































































































































































Table 38 continued 
  
m/z and RT of each ion  assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
Ionizati
on mode 
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Table 38 continued 
  
m/z and RT of each ion  assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
Ionizati
on mode 
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Table 38 continued 
  
m/z and RT of each ion  assigned Measured 
m/z and RT 
from 
Standards. 
Error of m/z and RT 
(deconvoluted ions vs. 
Standard ions) in MZmine v.2.26 
Ionizati
on mode 
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